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Methanol conversion to hydrocarbons (MTH) over zeolite catalysts is investigated using 
transient and steady-state kinetic experiments, FTIR spectroscopy and kinetic modelling to: 
(a) describe the formation of the first C-C bond during the induction period, (b) investigate 
factors governing steady-state product distribution and (c) improve product yields.  
ZSM-5 catalysts with Si/Al ratios of 11.5, 25, 36 and 135 were characterised by SEM, 
XRD, TGA, nitrogen sorption, EDX and FTIR. Temperature programmed adsorption and 
desorption studies were conducted in a temporal analysis of products (TAP) reactor to study 
the preferential adsorption of methanol or dimethyl ether (DME). Desorption profiles were 
deconvoluted into two adsorption sites over ZSM-5 (Si/Al=135) and three adsorption sites over 
ZSM-5 (Si/Al=25 and 36). Molecular adsorption on the low temperature sites and dissociative 
adsorption on the medium and high temperature sites were observed. Higher activation 
energies of desorption were observed for DME (121 kJ mol-1) compared to methanol (112 kJ 
mol-1) over high temperature sites as validated by a transient kinetic model that shows that 
DME is the key oxygenate.  
The transformation of DME to primary olefins is studied using a novel step-response 
methodology in the TAP reactor. Overshoots depicted by methanol and water, S-shaped 
propylene profiles and a rapid DME rise followed by a slower rise occur during a 44 min 
induction period in a first step response cycle at 300 °C. With temperature increase to 450 °C, 
methanol, water and DME increasingly exhibit monotonic profiles while ethylene and 
propylene retain their S-shaped behaviour. Precursors such as dimethoxymethane, carbon 
monoxide and hydrogen reduce the induction period and increase the autocatalytic rate of 
propylene formation according to a proposed crystal nucleation model. The transformation of 
the first C-C bond is rate-limiting according to a transient kinetic model. On subsequent step 
response cycles, the induction period is eliminated.  
Several reaction families describe the complex steady-state product distribution from 
methanol. The olefin cycle (methylation, oligomerisation and cracking) controls product 
distribution with DME being 3.5 and 2.5 times more effective than methanol for olefin 
methylation and aromatic methylation chemistries respectively. A novel form of a structured 
reactor called zeolite minilith improves gasoline yields compared to zeolite powder while 
keeping pressure drop low.   
The formation of the first C-C bond from methanol has been debated for over 40 years. 
This thesis provides evidence for the direct formation of primary olefins from methanol in which 
DME is the key oxygenate and the transformation of the first C-C bond is the major bottleneck 
during the induction period. At steady-state, the olefin cycle regulates product distribution and 
DME is the key methylating agent. Substantial operating cost reduction can be obtained using 
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1.1. Challenges in fuel and chemical production 
Fuels and chemicals are increasingly used for transport, construction and packaging 
and as building blocks for other high-value chemical feedstock. Their production and utilisation 
should follow clean and sustainable methods that allow for habitable conditions for future 
generations. The increasingly affluent population of developing countries in Asia and Africa 
has led to a rise in demand for fuels and chemicals. In these countries, abundant conventional 
fossil fuels such as coal and natural gas are used to meet this demand. On the other hand, 
developed countries in Europe and the Americas are motivated by a need to secure new and 
stable resources with a very low carbon footprint. Increasingly, demand, security and 
sustainability are current global drivers to produce fuels and chemicals.  
The recent rise in demand for light olefins and the upward trend in oil prices dating from 
the 1970s have led to rapid innovation in the chemical industry and the search for alternative 
production routes other than oil (1). Ethylene and propylene are the most demanded light 
olefins. The methanol to olefin process (MTO) is an alternative production route which 
represents a paradigm shift as the feedstock, methanol, is different from conventional 
feedstock (naphtha, liquefied petroleum gas or ethane) used to produce olefins (2). Ethylene 
is obtained majorly from steam crackers and from refinery off-gases while propylene is derived 
as a by-product of the ethylene production process. However, in recent years, the amount of 
propylene produced from steam crackers has been decreasing (3) and the demand for 
propylene has been growing faster than that of ethylene because its consumption is driven by 
higher-value chemical feedstock such as poly-propylene (4).   
The demand for petrochemicals are expected to continually increase in accordance with 
the Gross Domestic Product (GDP) of developed countries and exceed the rate of GDP 
increase for developing countries while the demand for gasoline, diesel and jet-fuel would 
continue to increase and reach a plateau in the mid-2030s (5). With time, the progressively 
lower demand for conventional transport fuels would stem from a rise in investment made in 
the development of new fuel sources such as solar, hydrogen and biofuel. In the long-run, the 
demand for petrochemicals will exceed the demand for conventional fuels.  
One way to meet the increasing demand for secure and sustainable sources of fuels 
and chemicals is to use non-conventional resources such as waste biomass, municipal waste, 
organic process waste (bark and fibre residues and fibre sludge) and recycled plastics. These 
non-conventional resources can be obtained cheaply from developed and developing 
countries where the conventional living standards lead to their production. Fuel and chemicals 
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production then lie within the framework of a circular economy. Solid bio-feedstock such as 
waste biomass, municipal waste and organic process waste, can be gasified to syngas 
(CO/CO2/H2 mixture) which can be liquefied to methanol. Methanol can be further converted 
to fuels and chemicals over zeolite or zeo-type catalysts in a chemical reactor. The conversion 
of methanol to fuels i.e. gasoline (MTG) and to chemicals i.e. olefins (MTO) are part of a 
generalised process called the methanol to hydrocarbons (MTH) conversion which is the 
primary focus of this thesis. 
  
1.2. Catalyst and reactor design and development  
The optimum design and development of fit-for-purpose catalysts to produce valuable 
products is of high industrial significance. Fuels and chemicals should be adaptable to various 
market demands, industrial processes should be flexible to various renewable feedstock and 
production and usage of these commodities should meet stringent environmental 
requirements. Current practices, however, adopt a trial and error approach towards catalyst 
development thereby leading to high time-to-market processes (6) and long catalyst 
development cycles (7). This slow approach is due to a lack in fundamental understanding of 
the nature and behaviour of catalysts.  
The design and development of catalysts to meet the increasing demand for the secure 
and sustainable production of fuels and high value chemicals through industrial processes is 
one of the ultimate challenges. Factors affecting catalyst design include the structure 
sensitivity, surface energy and support-surface interaction of catalyst surfaces, transport 
within pores, catalyst impregnation profiles and catalyst particle shapes (8). Once designed, 
development ensues. Optimum catalyst development requires a good understanding of how 
the catalyst design is linked to product distribution. This linkage requires kinetic and structure 
characterisation (7). A comprehensive description of reaction mechanisms occurring at the 
active site, catalyst structural properties and their relationship are needed. Kinetic parameters 
that describe these surface reactions can be obtained from comparing adequate kinetic 
characterisation data to fundamental theory governing adsorption, desorption, diffusion and 
reaction in a reactor.  
The knowledge of the rate of reaction is a prerequisite to the design of a new reactor (9, 
10). Design equations for batch and flow reactors require the integration of the rate equation. 
The material and energy balance equations require specification of the rate of reactant loss or 
generated due to chemical reactions. Kinetic parameters that specify the rate of different 
underlying processes as specified in the rate equation can give an understanding into the 
reactor design.   
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Ultimately, these kinetic parameters are used for process design, optimisation and 
control of product distribution as well as catalyst design, optimisation and determination of 
catalyst structure-performance relations (11).   
In this thesis, a comprehensive description of the reaction mechanism occurring at the 
active site and its relationship to the catalyst properties is provided for MTH conversion.  
 
1.3. Methanol to hydrocarbons: Mechanistic implications 
Zeolite catalysts convert methanol to hydrocarbons in three different phases. At the early 
phase of the reaction, the catalyst is conditioned until full mechanisms are developed. Then, 
steady state is achieved where these mechanisms regulate product distribution. Here, steady 
state regime may be properly defined as quasi-steady state as species accumulate during this 
phase that could block the active sites. The final phase involves catalyst deactivation where 
site blocking species control the rate of conversion of initial feed. This PhD thesis deals with 
the initial transient phase and the steady-state phase over ZSM-5 catalysts which have 
superior catalyst lifetime in comparison to other conventional zeolite and zeo-type catalysts 
for MTH conversion.  
During steady-state MTH conversion, it is widely accepted that a hydrocarbon pool 
mechanism takes places over zeolite catalysts (12-14) where two catalytic cycles (an olefin 
cycle and an aromatic cycle) operate (Fig. 1.1). Over ZSM-5 catalysts, the hydrocarbon pool 
mechanism is known as the dual-cycle mechanism. Briefly, in the olefin cycle, primary olefins 
are methylated or oligomerised onto higher homologues which subsequently undergo catalytic 
cracking to complete the cycle. Higher olefin homologues (C6+) undergo hydrogen transfer and 
cyclisation reactions to form the first aromatic building block. These initial aromatics undergo 
methylation to higher homologues and subsequently undergo dealkylation (a form of cracking) 




Fig. 1.1: Dual-cycle during the conversion of methanol to hydrocarbons over zeolite catalysts. 
Adapted from ref. (12). CH3+ groups are formed from methanol and/or DME.  
In addition to ZSM-5, three major zeolite and zeo-type catalysts are used for MTH 
conversion (15). These include SAPO-34, ZSM-22 and Beta catalysts. The dominant cycle 
and nature of the hydrocarbon pool depends on zeolite or zeo-type topology and process 
conditions. Over ZSM-5 catalysts, lower methylbenzenes (toluene, xylene and 
trimethylbenzenes) and over Beta catalysts, higher methylbenzenes (tetra-, penta-, and 
hexamethylbenzenes) are the main hydrocarbon pool species (16, 17) under atmospheric 
conditions. Over SAPO-34 zeo-type catalysts, hexa- and hepta-methylbenzenes have been 
observed as the main hydrocarbon pool species (18-20) . However, over ZSM-22 catalysts, 
no aromatics have been observed in the gas phase at low contact times during MTH 
conversion (21) as these process conditions are effective in limiting side reactions (22-24). At 
higher contact times, trimethylbenzenes, ethylbenzene and ethyl toluene as well as other 
aromatics are occluded in the pores of the ZSM-22 catalyst showing an operative hydrocarbon 
pool mechanism (24).  
The aromatic cycle controls product distribution over SAPO-34 and the olefin cycle 
controls product distribution over ZSM-22 (15). Over SAPO-34, pore cages are much wider 
than pore windows such that hydrocarbon pool species do not easily move out of the pores 
(hexa- and hepta-methylbenzenes) but dealkylate (or crack) to give gaseous light olefins 
through the aromatic cycle. Over ZSM-22, pore windows and intersections are too small to 
allow entry of large aromatic species leading to olefin release through the olefin cycle.  
However, the control of product distribution over ZSM-5 and Beta catalysts is tunable as 
both catalysts have pore windows and intersections which are accessible to olefins and 
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aromatics. ZSM-5 was studied in this thesis due to its superior catalyst lifetime allowing focus 
on true transient and steady-state behaviour. Also, the tunability of both cycles over ZSM-5 
catalysts allow investigations into kinetic effects and not steric hindrance. Over ZSM-5 
catalysts during the steady-state phase, the major challenge is that there exists a clear lack of 
quantitative information that is necessary for insight into the relative propagation of both 
cycles. As the ZSM-5 topology allows for access of both olefins and aromatics through its pore 
windows, an understanding of the relative propagation of both cycles leads to an elucidation 
of the kinetic factors that regulate product distribution.  
Although the hydrocarbon pool mechanism that occurs during steady-state MTH 
conversion is widely accepted (12-14), the formation of primary products during the early 
stages has been extensively debated. The dehydration of methanol to form dimethyl ether 
(DME) and water is the fastest reaction during MTH conversion (25). In understanding the 
early stages of the reaction, three key challenges are involved. Methanol, DME and water 
compete initially for active sites on the zeolite catalyst. Although methanol and DME can be 
used for methylating olefins or aromatics (Fig. 1.1), the source of the methylating agent has 
not been identified. The first challenge deals with identifying the source of methylating agent 
and the key oxygenate (methanol or DME) during MTH conversion.   
The second challenge deals with identifying the nature of the first C-C bond and the 
formation of primary olefins as well as the conditions under which they are formed. 
Spectroscopic studies identify the first C-C bond by monitoring species occluded in the zeolite 
either during the reaction (operando) or after the reaction (ex-situ) while kinetic studies 
observe the primary gaseous olefin(s) through a gas chromatograph. Much debate was 
centred on whether ethylene or propylene or ethylene and propylene are the primary products 
(26-28). In these earlier kinetic studies, the structure of the zeolite catalyst was not adequately 
considered. Studies did not describe if experiments were conducted under intrinsic kinetic 
conditions, mass transport or heat transport limitations. Such considerations are necessary as 
the release of ethylene has recently been mechanistically linked to the formation and 
propagation of the aromatic cycle (29) as shown in Fig. 1.1. Heavy aromatics could cause 
zeolite pore clogging in which the release of other hydrocarbons is severely constrained. It 
should be considered if ethylene is produced under such mass transport limitations as earlier 
proposed by Haag and co-workers (30). The second challenge involves identifying the nature 
of the first C-C bond and primary olefin(s) and the conditions under which they are formed.   
The last major challenge during MTH conversion relates to the exact pathway between 
the key reactant and the primary olefin(s). Although various mechanisms have been proposed, 
there is no consensus. The specie with the first C-C bond may be formed and occluded in the 
pores of the zeolite before the gaseous primary olefin(s) is released. The debate on the exact 
pathway and primary olefin formation centres essentially on whether primary olefins are 
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formed before or after constituents of the hydrocarbon pool are generated. Two major routes 
are suggested: (1) a direct mechanism where olefins are generated directly from the 
methanol/DME feed and (2) an indirect mechanism where impurities in the methanol or DME 
feed (such as ethanol and acetone) are precursors to the hydrocarbon pool which 
subsequently lead to primary olefin formation. In the direct mechanism, a further differentiation 
can be established: Olefins could form through a direct pathway from the feed involving no 
intermediate and in one step or an indirect pathway involving several intermediates and steps.  
In addition to the three challenges listed above, the possibility that the zeolite could be 
altered during the induction period has not been comprehensively considered. This 
modification, particularly during MTH conversion under industrial conditions where large 
quantities of steam are generated for a long time at high temperatures, could alter the acidic 
properties of the zeolite leading to formation of extra-framework alumina (EFA) sites (31) and 
enhanced Brønsted acid (EBA) sites (32). These EFA and EBA sites could change product 
distribution and propagation of competing mechanisms during the induction period and later 
during steady state operation. Over laboratory-scale experiments, efforts are made to reduce 
the reaction time of the zeolite catalyst to prevent such acid site modification.  
In many catalytic systems, in addition to adsorption, desorption and surface reactions, 
diffusion of species in the porous solid is important and should be considered (33, 34). The 
evolution and modification of active sites during the transient, steady-state and deactivation 
phases as species adsorb, desorb, diffuse and react makes the quantitative description of 
MTH conversion complex. Experiments should be conducted under intrinsic conditions to 
understand the behaviour of the zeolite catalyst under each isolated phenomenon and for 
each specie. Thereafter, a microkinetic model (35) describing catalyst behaviour can be 
constructed. This microkinetic model of the adsorption, desorption and reaction of species can 
be co-joined with a diffusion model to emulate industrial catalysts. The microkinetic model and 
diffusion model can then be placed in an energy, momentum and mass balance of a reactor 
model which can be combined with a fluid dynamics model and then scaled up to optimum 
industrial conditions and further used in the design of process plants used for MTH conversion. 
In summary, a mechanistic approach towards understanding the product distributions 
obtained during MTH conversion can only come from validating the reaction mechanisms that 
take place and obtaining accurate kinetic parameters that describe the process (15, 36-41). 
Ultimately, the understanding of the initial transient stage and steady state process can give 
further clarification of the relation between catalyst structure (design) and product distribution 
and lead to the synthesis of superior catalysts. An understanding of the kinetic parameters 
that govern the MTH process can be used to tailor and optimise maximum throughput, 




1.4. Reactors used for kinetic study 
Equipment selection ultimately determines the success or failure of a kinetic study (9). 
A packed bed of catalysts is used in this study for the transient experiments and steady-state 
experiments. Conventionally, the temporal analysis of products (TAP) reactor is suited for 
studying the induction period as it allows for decoupling of adsorption, desorption, reaction 
and diffusion through a series of single pulse, multi-pulse and pump-probe experiments (7, 
42, 43). Interpretation of TAP reactor data have led to mechanistic and kinetic insights. 
However, the TAP reactor is operated under vacuum conditions and extrapolation of 
experimental data to industrial conditions should be carefully considered. In this PhD study, 
the TAP reactor was used unconventionally i.e. without the use of pulses. The continuous flow 
panel of the TAP reactor was used to implement temperature programmed adsorption, 
desorption and step response experiments. For the first time, the TAP reactor framework was 
used to conduct transient experiments over a shallow bed under convective flow. Under these 
conditions, MTH conversion is investigated in a fixed-bed reactor under low-pressure 
conditions (<1000 Pa). Plug flow was initially assumed in the TAP reactor for transient 
experiments. Thereafter, a non-ideal plug flow model was used to simulate the TAP reactor. 
The influence of dispersion on step response experiments was analysed. Further justification 
of this methodology and assumption is given in chapters 3 and 4.  
An atmospheric fixed bed reactor was used for obtaining experimental data on steady-
state MTH conversion. Using a dilute feed, inert particles and adequate catalyst and inert 
packing, isothermality and plug flow behaviour are justifiably assumed. The ongoing trend in 
the chemical industry aims at increasing resource efficiency i.e. reducing material and energy 
consumption leading to more economic and sustainable processes (44). Enhancement of 
transport processes in chemical reactors can play a key role in process intensification leading 
to a reduced number of process steps. Structured catalysts such as monoliths can be used to 
meet such process intensification needs. Additive manufacturing is increasingly used to create 
tailored structured catalysts. Optimising product selectivity and yields in a complex reaction 
network can be obtained using structured reactors (45). Here, a novel structured reactor called 
ZSM-5 minilith was housed in a quartz cylindrical tube and compared to ZSM-5 powder for 









1.5. Thesis structure 
This thesis is divided into 9 chapters. MTH conversion over ZSM-5 catalysts is 
introduced in the 1st chapter. The key challenges, aims and objectives are stated.  
In the 2nd chapter, a comprehensive literature review aimed at describing the key 
chemistries underlying MTH conversion is presented. The review covers chemistries 
pertaining to the transient and steady-state phase of MTH conversion. Chemistries and 
mechanisms over SAPO-34, ZSM-5, ZSM-22 and Beta catalysts are reviewed. Kinetic 
modelling techniques and results are also reviewed.  
Methods used for catalyst characterisation and for conducting the TPD experiments are 
described in chapter 3. Additionally, the novel methodology for carrying out step response is 
detailed and the procedures for conducting the steady-state experiments are described. Data 
analysis method for transient and steady-state data is described. Finally, microkinetic 
modelling methods and approaches are described.   
Chapter 4 describes experimental and kinetic modelling studies aimed at tackling the 
first challenge attributed to the induction period. A combination of experimental (temperature 
programmed desorption and adsorption) and microkinetic modelling is used to obtain key 
insights into the source of surface methoxy groups and the key oxygenate involved. Kinetic 
parameters were obtained from comparing experimental data to model.  
Chapter 5 describes experimental studies of the induction period using step response 
experiments and transmission FTIR. The conversion of DME to primary olefin(s) is studied as 
the catalyst evolves onto its working state where the hydrocarbon pool dominates steady-state 
conversion. The influence of precursors such as dimethoxymethane, carbon monoxide and 
hydrogen are studied on the induction period. A reaction mechanism is also proposed for the 
conversion of DME to primary olefin(s) over ZSM-5 catalysts. This chapter aims at tackling the 
second and third challenge of the induction period.  
Chapter 6 involves the transient kinetic modelling of the induction period observed from 
the step response experiments conducted in chapter 5. Here, a reduced reaction scheme 
based on recent evidence from density functional theory studies was used to validate the 
experimental data. Kinetic parameters were obtained by comparing experimental data to 
model. The bottle neck (rate limiting step) attributed to the formation of primary olefins from 
DME was identified. This chapter delves deeper by providing mechanistic insights on the 
challenges of the induction period.  
Chapter 7 involves steady-state kinetic modelling studies of methanol conversion to 
hydrocarbons over ZSM-5 catalysts. A reduced lumped kinetic model is used to describe MTH 
conversion at 370 °C. Kinetic parameters were obtained by comparing experiment to model. 
This chapter aims at understanding the factors governing the relative propagation of both 
cycles. Validation of the key surface methylating specie was obtained. It is shown that complex 
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product distribution observed industrially consisting of C1-C10 compounds formed from a C1 
molecule (methanol) can be explained by families of chemical reactions namely: olefin 
methylation, oligomerisation and cracking, aromatic methylation and dealkylation, paraffin 
cracking and alkylation. The key regulating cycle in the dual-cycle mechanism is established.  
Chapter 8 describes comparative experimental studies during steady state MTH 
conversion over zeolite powder and miniliths. It considers the industrial practice of MTH 
conversion. A novel structured reactor is fabricated using a co-extrusion technique and 
characterised and compared to zeolite powder for hydrocarbon (in particular gasoline) yields 
from methanol.  
Chapter 9 gives conclusions and outlook on chemical reaction engineering, chemical 
kinetics, modelling and heterogeneous catalysis following this PhD study. Each of these 
chapters are self-standing and together advance the current state of knowledge on MTH 
conversion.  
This thesis has been presented according to the alternative thesis format permitted by 
the University of Bath. This format is chosen to allow presentation of the most important 
contributions which have been subjected to peer review in international journals. Additional 
experiments not submitted for publication have also been included in this thesis. At the time 
of submission, three chapters (4, 6 and 8) are published and elements of chapter 5 are under 
review.   
In this alternative thesis format, the introduction, literature review, methodology, general 
conclusions and future work are presented as in a traditional thesis format in chapters 1, 2, 3 
and 9, respectively. In the published chapters (4, 6 and 8), the accepted manuscript and 
supplementary information have been placed following each other. In chapter 4, additional 
unpublished results have been included and discussed after presentation of the 
supplementary information. Induction period data used for modelling in chapter 6 has been 
presented in the thesis appendix. Chapters 5 and 7 follow a more traditional thesis format. 
Transient and steady-state kinetic code, developed in MATLAB, used for parameter estimation 
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2. Literature review 
2.1. Review background  
This chapter reviews the current state of knowledge of the different chemistries occurring 
during the induction period and steady-state MTH conversion over zeolite and zeo-type 
catalysts with the aim of identifying the key gaps in knowledge.   
 
2.2. Catalysts used for MTH conversion  
An important intermediate in the conversion of renewable feedstock to liquid fuels and 
chemicals is methanol. Methanol can be produced from syngas which is obtained from the 
gasification of solid fuels. The gasification process is particularly advantageous for a landfill 
operator or a paper mill as profits can be increased from the utilisation of bio-waste products. 
Methanol can further be converted to other hydrocarbons over zeolite catalysts (1-6). Direct 
routes to methanol production via partial oxidation of methane are currently under 
development. A major challenge is the activation of the C-H bond in methane (7).  
Zeolites and other zeo-type structures have been useful heterogeneous catalysts for 
MTH conversion due to their pore architecture, thermal stability, and their ability to donate 
protons via Brønsted sites and accept electrons via Lewis sites (8). The framework structure 
of zeolites consisting of corner-sharing silicate and alumina tetrahedra leads to various 
topologies and imparts a negative charge on the framework that has to be balanced by 
positively charged extra-framework cations (8, 9). For acidic zeolites, the bridging hydroxyl 
protons act as catalytic active sites. The general formula of a zeolite is (8): 
 𝑀𝑥/𝑛
𝑛+ 𝐴𝑙𝑥𝑆𝑖1−𝑥𝑂2. 𝑦𝑌                                                                                                                                       (2.1) 
where M is the extra-framework charge-balancing cation and Y represents species such as 
water included or adsorbed within the pores. The ratio of silicon to aluminium in the framework 
can vary between infinity and 1. The lower limit of 1 arises due to Lowenstein’s aluminium 
avoidance principle. Below this limit, it becomes impossible to avoid Al-O-Al linkages, which 
are electrostatically unfavourable due to the close distance between the negative charges 
associated with aluminium substitution for silicon in the lattice (8).  
MTH conversion has been studied for ca. 40 years. Two widely studied microporous 
materials are ZSM-5 and SAPO-34. Ever since MTH process discovery with ZSM-5 catalysts 
in 1976 (1, 2), new processes using alternative zeolite catalysts have led to the production of 
other hydrocarbons. Among these are the generation of light olefins over SAPO-34 zeo-type 
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catalysts (MTO process). These zeo-type catalysts are substituted aluminophosphates. The 
direct replacement of isolated phosphorus atoms by silicon atoms results in a negatively 
charged framework and an acid site upon calcination (8). These catalysts have a 3D cage 
structure with small window sizes of 3.8 Å × 3.8 Å (Fig. 2.1a). The generation of light olefins 
during the steady state MTH conversion is rationalised due to the small pore windows which 
only allow for the exit of hydrocarbons of small molecular sizes (10, 11). In 2010, MTO 
conversion was commercialised on an industrial scale in China with SAPO-34 catalysts in a 
turbulent fluidised bed (12).  
Gasoline range hydrocarbons (C5+ aliphatics and aromatics) have been produced over 
ZSM-5 catalysts in a methanol-to-gasoline (MTG) process (13). The ZSM-5 catalysts have a 
three-dimensional (3D) pore structure with 10 ring pore windows of size 5.1 × 5.5 Å and 5.3 × 
5.6 Å (Fig. 2.1b). The basic building units of ZSM-5 are 5-5-1 units which link together to form 
chains. This in turn link to give silicalite sheets, which contain ten membered ring (10MR) 
openings, and these can be connected across inversion centres (8). Under operating 
conditions of high temperatures and low pressure, the product selectivity over ZSM-5 catalysts 
can be tuned towards propylene formation in a methanol-to-propylene (MTP) process (14). 
Aromatics can be generated in a methanol-to-aromatics (MTA) process over metal substituted 
ZSM-5 catalysts (15, 16).  
At 370 °C, C5+ aliphatics can be generated over ZSM-22 catalysts, a 1D pore structure 
with 10-ring pore windows of size 5.7 × 4.6 Å (Fig. 2.1c). This is due to the narrow pore sizes 
and the alkenes residing at the pore windows which allow for olefin homologation reactions 
(17-21). The silicalite sheets of ZSM-22 are connected either by translation or by mirror planes 
(“unit cell twinning”) (8).   
Of academic relevance is the wide pore Beta catalyst, a 3D pore structure with 12 
membered ring (12MR) pore windows of size 6.6 × 6.7 and 5.6 × 5.6 Å (Fig. 2.1d), which also 
leads to the formation of aromatics, C4 and C5+ aliphatics (22, 23). The intergrowths of the A- 
and B- polymorphs of zeolite Beta are made with silicalite sheets stacked layer to layer via 
one of four possible translations and with a high degree of disorder (8).  
The diverse zeolite and zeo-type topologies mentioned above and process conditions 






a). SAPO-34 pore structure (CHA 
Framework Type). [Left] Extended structure 
emphasising 6MR windows of sizes of ca. 
0.38 nm and [Right] Expanded structure 
emphasising a cage of ca. 1 nm × 0.7 nm 
(24) 
 
b). The channel structure in ZSM-5 (MFI 
Framework Type) (25) 
 
 
c). The channel structure of ZSM-22 (TON 
Framework Type) (25) 
 
d). Beta pore structure (BEA Framework). 
[Left] Polymorph A emphasising an AB 
stacking sequence. [Right] Polymorph B 
emphasising an ABC stacking sequence (26) 
Fig. 2.1: Channel and pore structures of (a) SAPO-34, (b) ZSM-5, (c) ZSM-22 and (d) Beta 
catalysts 
 
2.3. Approaches used to study MTH conversion 
Most conventional studies of the conversion of methanol to hydrocarbons fall into three 
categories: kinetic studies, spectroscopic studies and density functional theory (DFT) 
calculations (27). Steady state kinetic studies have been previously conducted to generate 
general parameters such as reaction order (by changing partial pressure) and rate constant 
(by changing temperature) in simple power law relationships. Phenomenological descriptions 
could also be applied to transient kinetic studies. Alternatively, reactions have been tuned for 
example using process variables such as weight hourly space velocities (contact time) to 
overcome competing side reactions to obtain suitable parameters for use in mechanistic 
considerations.  
The induction period during which the primary C-C bonds are formed has been studied 
by carrying out steady state experiments at low temperatures (28), with water co-feeding (29) 
and at high weight hourly flow velocities (WHSV) (30, 31). In these steady-state studies, the 
induction period is not truly investigated as the hydrocarbon pool is formed a priori. Accurate 
description of the events that occur during the induction period should be studied as the 
catalyst evolves from its fresh state to its working state. The MTH reaction can be subjected 
to transient kinetic studies such as step responses, pulse responses and temperature 
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programmed methods i.e. temperature programmed adsorption, desorption and surface 
reaction. The overarching aim of these transient experiments is to constrain MTH reaction to 
low conversions and study the ZSM-5 catalysts as they evolve from their fresh state to working 
state. Further quantitative and mechanistic information (rate constants, activation energies) 
can be obtained via parameter estimation and optimisation by comparing experimental data 
with model.  
Fourier Transform Infrared Spectroscopy (FTIR) and other modern spectroscopy 
techniques such as the solid-state Magic Angle Spinning Nuclear Magnetic Resonance 
Spectroscopy (MAS NMR) methods are used for the in-situ study of the behaviour of zeolite 
catalysts during MTH conversion. Particularly, they have been used for probing reaction 
intermediates formed during MTH conversion. Here, the assumption is that the results 
obtained during spectroscopic experiments are comparable to continuous flow conditions in a 
fixed bed reactor. Similar operating conditions are necessary to fulfil this criterion. The diffuse 
reflectance infrared transform spectroscopy (DRIFTS) mode of operation meets this 
recommendation (27). However, in comparing reactor and spectroscopic IR cells, there is 
important issue of heat loss through IR windows and this can lead to a significant difference 
in reaction rates (32) which could affect product distribution particularly in autocatalytic 
reactions as MTH conversion. These IR reaction rates may be incomparable to the rate at 
which primary olefins are formed. Moreover, thermal losses could lead to significant 
differences in conversions across the wafer. Nonetheless, rate measurement data obtained 
from standard fixed bed reactors can be used to obtain calibration curves which could 
overcome this problem. Operando surface science techniques applied to a fixed bed reactor 
can help study surface species during real-time operation.  
Theoretical density functional theory (DFT) calculations are currently carried out at three 
levels, namely: 1) cluster level, 2) embedded cluster level and 3) periodic level.  Cluster level 
calculations, which are carried out over 1-5 T atoms (T=Al atoms) allow for only a limited 
number of atoms in the zeolite to be accounted for and the dangling bonds of these atoms are 
saturated with hydrogen which has been shown to affect the acidity of the cluster (33). When 
a charged intermediate is encountered during calculations, the activation barriers could be 
inaccurate, and a larger model could be required (34, 35). Embedded clusters (ONIOM 
calculations) allow for a much larger set of atoms (30T, 46T) to be accounted for. They account 
for a relatively small acid site at high quantum-mechanical level and the larger surrounding 
framework at lower quantum mechanical levels (35). Although more computationally costly, 
only periodic density functional theory calculations can account for the entire unit cell of zeolite 
crystals (36). Periodic DFT results can be significantly different from cluster models when long 
range electrostatic forces are significant. The SAPO-34 topology (CHA framework) has been 
subjected to periodic density functional theory calculations by Shah and co-workers (37-39) 
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as it contains 108 atoms/unit cell. The ZSM-22 (TON framework) and Beta (BEA framework) 
have 72 and 192 atoms/unit cell respectively. However, no periodic level studies has been 
conducted for ZSM-5 (MFI framework) for MTH conversion as it has 288 atoms within a purely 
siliceous unit cell (39). It should be noted that theoretical calculations are very good at 
obtaining qualitative information about mechanisms of the MTH reaction. Cluster models could 
be very ineffective at providing quantitative data on MTH conversion due to the overestimation 
of barrier heights coupled with the limited description of the electrostatic field present within 
the zeolite pores and the poor ability to model weak dispersion forces which lead to 
destabilisation of charged species and transition states with charge separation relative to 
neutral molecules physisorbed onto the cluster (40). The extended cluster and periodic DFT 
calculations provide a better representation of the zeolite structure, specie stability as well as 
likelihood of the corresponding reactions occurring. The DFT calculations can yield rate 
parameters (activation energies, pre-exponential factors) through a microkinetic model based 
on modelling matter at the molecular level. Rate parameters can also be estimated based on 
a microkinetic model in which the laws of conservation are applied at a microscale level.  
The results generated by these three approaches (kinetics, spectroscopy, microkinetic 
modelling) can be used in describing the various steps of the MTH process. Thus, two 
elucidating methods of analysis can be defined: the use of kinetic experiments with microscale 
level kinetic modelling and spectroscopy or the use of kinetic experiments with DFT 
calculations at a molecular scale and spectroscopy. The former method of combining kinetic 
experiments and modelling on the microscale level with complementary infrared spectroscopic 
data is the approach used in this thesis.   
Of prime consideration is the active site distribution on the ZSM-5 catalysts and their 
evolution during the MTH process. The control over the active site distribution with respect to 
zeolite morphology and topology is a major parameter in understanding the product 
distribution during MTH conversion over zeolite powder or as a structured reactor.  
 
2.4. Aluminium distribution and nature of acid sites in ZSM-
5 catalysts  
Distribution of aluminium in the zeolite varies with Si/Al ratio (41, 42). Two schools of 
thought exist: Dedecek and co-workers (43) observed that Al atoms are distributed in the pore 
channels and intersections as single Al atoms or Al pairs. This distribution has been found to 
depend principally on the methodology of hydrothermal synthesis. With a higher Al content, 
zeolites have a higher predominance of Al pairs which sit at pore intersections. Single Al atoms 
mostly sit on pore channels and windows.  
The other school of thought is largely based on adsorption of molecules such as pyridine, 
carbon monoxide, and other amines to investigate the location of Al atoms (44, 45). ZSM-5 is 
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known to have bridging hydroxyl groups, silanol groups as well as coordinated unsaturated 
Al3+ ions present in its structure. The bridging hydroxyl groups are located within the internal 
zeolite channels while the silanol groups and the unsaturated Al3+ are located on the external 
surface of the zeolite which could exist as extra-framework cations (46). It is widely recognised 
that the bridging hydroxyl groups act as Brønsted acid sites while the weakly acidic 
coordinated Al3+ ions as well as the extra-framework Al atoms act as Lewis sites. Extra-
framework material is composed of small particles mostly containing Al cations complexed by 
OH groups but sometimes also involving silicate species, likely interacting with framework 
walls, located in the cavities or on the external surface. The detection of octahedral Al ions in 
27Al NMR is the evidence of extra-framework material. Al ions in Brønsted acid positions are 
most likely in tetrahedral coordination (47).  
In comparison with any non-zeolitic material based on silica and alumina, the bridging 
OH groups signify the presence of internal pore channels. Protonic zeolites are strong 
because, under normal conditions, the Al-O bond is weak. Interaction of protonic zeolites with 
a base strengthens the bond subsequently allowing for the solvation of the cation. This three-
dimensional solvation occurs in the zeolite cages by the Van der Waals interactions with the 
walls of the pore channels. The strength of the Brønsted acid site is higher, the more the 
negative charge on the conjugate base is stabilised (46).  
The internal acidic hydroxy groups of HZSM-5 interact with alkanes, alkenes and 
aromatics at low temperatures through hydrogen bonding. The hydrogen bonds follow the 
strength trend: olefins>aromatics>paraffins (44, 48). Olefins undergo an important vibrational 
perturbation upon H-bonding, showing that the interaction certainly involves C=C π-type 
orbitals. For aromatics, π-type electronic clouds are involved, but partial steric hinderance 
weakens this interaction. The interaction with the localized π-type orbitals of olefins (bond 
order 2) is stronger than that of the delocalised π-type orbitals of aromatics (bond order 1.5).  
The strength of interaction increases with carbon chain length of the aromatic i.e. p-xylene > 
toluene > benzene. The same occurs for olefins where the strength of interaction decreases 
in the following order: butenes > propylene > ethylene. Furthermore, Busca and co-workers 
showed that hydrogen bonds with alkanes involve C-C σ-type orbitals predominantly (48). The 
strength of the interaction increases with carbon chain length.  
Knowledge of the distribution of Al atoms in ZSM-5 catalysts is necessary for the 
comprehension of the location of active sites in its porous matrix. The distribution has been 
shown to be a complex phenomenon (49). For instance, water is produced in significant 
amounts during methylation reactions over ZSM-5 catalysts under industrial conditions. The 
steam generated at high temperatures can progressively alter the nature of the sites leading 




2.5. Chemistries of MTH conversion 
The chemistries involved during steady-state MTH conversion have been briefly 
described by Ilias and Bhan (4). These include: olefin methylation, olefin cracking, hydrogen 
transfer, cyclisation, aromatic methylation and aromatic dealkylation (cracking). This list is not 
exhaustive. Carbon monoxide, methane, hydrogen, formic acid and formaldehyde can be 
formed during reactions of methanol or DME (51, 52). At higher temperatures when methanol 
transformation is tuned towards olefin formation, paraffin cracking and hydrogen transfer 
between paraffins and olefins can also be important (53-55).  
 
2.5.1. The formation of formaldehyde, carbon monoxide, 
methane, hydrogen and carbon dioxide 
Methanol and DME have been shown to decompose to carbon monoxide, methane, 
hydrogen and carbon dioxide over acidic zeolites (56-58). There has been a debate on 
whether these products are formed from oxygenate (methanol, DME) decomposition. Mihail 
and co-workers used a kinetic model that takes into consideration the decomposition of 
methanol into hydrogen and carbon monoxide in modelling MTH conversion (59). To account 
for methane formation, they modelled the co-reaction of carbene and hydrogen generated 
from thermal cracking of alkanes. However, thermal cracking of alkanes is only dominant at 
high conversions and their model could not explain significant methane formation at low 
conversions. Hutchings et al. (60) refuted their claim due to low quantities of hydrogen 
observed from methanol decomposition and the water gas shift reaction at low conversions. 
Recently, Liu et al. (52) postulated the formation of major components such as carbon 
monoxide and formaldehyde from methanol over ZSM-5 catalysts. However, it is important to 
note that this postulation was suggested based on experiments conducted on inert surfaces 
such as silicalite, Na-ZSM-5 or ɣ-Al2O3. In earlier studies by Chu and Chang (58), carbon 
monoxide, carbon dioxide, hydrogen and methane were observed during steady-state MTH 
conversion, albeit in small quantities.  
 
2.5.2. Equilibration between methanol, DME and water 
In the first step during MTH conversion, methanol is rapidly equilibrated with DME and 
water (40). Methanol, DME and water compete initially for active sites. Over acidic catalysts, 
it is well established that hydrocarbon conversions occur through carbenium ions (61, 62). 
During MTH conversion over zeolite catalysts, carbenium ions could be initiated by the 
addition of the proton of zeolite to an olefin, abstraction of a hydride ion from a hydrocarbon 
by the Lewis acid sites of the catalyst or the addition of acids to methanol (61). The initial step 
during the addition of protons to the oxygenates (methanol or DME) is the formation of a 
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relatively stable oxonium salt (61). It is important to investigate which oxonium salt, formed 
from methanol or DME is more stable and how this contributes to the initial C-C bond.  
DME and water are initially formed at high rates of methanol reaction over ZSM-5 (63). 
The dehydration of two methanol molecules into DME and water is the fastest reaction during 
MTH conversion, and methanol and DME are present simultaneously at less than 100% 
methanol conversion (40). By using an in-situ stopped flow (cross-polarisation) CP/MAS NMR 
spectroscopy method, Hunger and co-workers (64) observed surface methoxy species and 
proposed a route to DME formation via these surface methoxy species. An adsorbed methanol 
molecule converts to methoxy species which subsequently reacts with another methanol 
molecule to form DME (65, 66). These surface methoxy species could act as precursors for 
carbene and ylide intermediates for direct methanol conversion at temperatures (T) ≥ 493 K 
because the C-H bonds in the surface methoxy groups are weakened and hydrogen can be 
readily abstracted by the basic oxygen atoms of the framework. They react with water to form 
methanol and with methanol to form DME (64, 67). At very low temperatures, signals 
corresponding to Brønsted acid sites, methoxy groups, adsorbed methanol and DME have 
been obtained from 1H MAS NMR and 13C MAS NMR studies (68). 
In contrast, Blaszkowski and van Santen (69) concluded that a concerted, single step 
mechanism of two methanol molecules is highly favoured over the mechanism involving a 
surface methoxy group as an intermediate using cluster methods. They obtained an activation 
barrier for DME formation of 145 kJ mol-1 for the case when two methanol molecules adsorbed 
simultaneously on a Brønsted acid site (70). Extended cluster models have produced lower 
activation barriers of 132 kJ mol-1(40). Nonlocal periodic density functional calculations over 
chabazite give activation barriers of 119 kJ mol-1 for this mechanism (39).  
However, surface methoxy groups are readily observed during MTH conversion and are 
also important in the mechanisms of direct olefin formation from methanol (10, 64, 67). For 
the mechanism involving surface methoxy intermediates, the rate limiting step was found to 
be the dehydration of the first methanol molecule (70). Here, methoxonium ion formally 
proposed (71, 72) to be an intermediate was found to be a transition state (73-76).  
 
2.5.3. The debate on primary olefin formation 
The mechanism for the primary formation of olefins during the induction period has been 
widely debated (34, 35, 60, 64, 67, 68, 77-91). Two schools of thought exist for the formation 




2.5.3.1. Indirect mechanism 
The indirect mechanism was originally proposed by Dahl and Kolboe (92-95) over 
SAPO-34 catalysts and was further described as the formation of scaffolds, which are 
composed of well-defined organic species (polymethylbenzenes) on one or more inorganic 
acid sites that preserves the organic components and regulates selectivity through steric 
constraints (77). Earlier research showed that the hydrocarbon pool operates through 
aromatic methylation and dealkylation chemistries. These chemistries lead to the release of 
light olefins during MTH conversion over SAPO-34 catalysts (95).  
Although two different dealkylation chemistries have been proposed for the indirect 
mechanism namely: (1) a side chain methylation mechanism (96-99) and (2) a paring 
mechanism (100) (Fig. 2.2), the dominating mechanism for the aromatic dealkylation 
chemistry during MTH conversion is still currently debated (101). Both mechanisms are 
initiated by the geminal methylation of a methylbenzene and the activation energy for gem-
methylation decreases as the number of methyl groups on the benzene ring increases (102). 
In the side chain methylation mechanism, this leads to formation of an exocyclic double bond 
after elimination of a methyl hydrogen. This double bond can undergo side chain methylation 
which further cracks to form ethylene or propylene (4, 79, 103). During the paring mechanism, 
gem-methylation of a methylbenzene results in ring contraction, thereby leading to the 
formation and release of propylene (4, 103) or isobutene (80) (Fig. 2.2). 
 




Haw and co-workers (77) reported the formation of methylbenzenes after 4 seconds 
reaction time during MTH conversion over SAPO-34 catalysts using 13C NMR spectroscopy 
at 673 K. They observed that polymethylbenzenes are trapped in zeolite cages and are formed 
from impurities in the methanol feed, trace impurities in the carrier gas, incomplete combustion 
of organics on the catalysts and other sources of contamination (78). Surface methoxy groups 
were found from the studies of Haw and co-workers (77) and their concentration decreased 
during the reaction showing their role as reactive intermediates. These surface methoxy 
groups are shown to be reactive at temperatures lower than the starting temperature of the 
MTO process. If any organic impurities were present on solid acid catalysts, they should react 
with the surface methoxy groups at low temperatures. However, investigations by Hunger and 
co-workers (67, 104) do not show any reactivity of surface methoxy groups at temperatures 
(T) ≤ 473 K thereby raising doubts on the impurity route leading to aromatics that produce 
olefins through the dealkylation chemistry.   
Moreover, the quantity of impurities (1 ppm ethanol and 11 ppm organic compounds) 
(78) may be too small for the initial formation of polymethylbenzenes. This can be observed 
from the results of Haw and co-workers (78). According to their work, pulses of 12.5 µL of 
methanol was passed over 300 mg of H-ZSM-5 (Si/Al=15) at 375 °C. 2 ppm of volatile 
hydrocarbons were formed from 1 ppm of ethanol impurity in the methanol feed and 650 ppm 
of volatile hydrocarbons were formed from 36 ppm of ethanol impurity. To verify the source of 
volatile hydrocarbons, the following calculations can be made:  
1. 12.5 × 10-3 mL of methanol (32 g/mol) at 375 °C (ρvap = 0.602 mg/mL) gives 2.348 × 
10-4 mol. 
2. ZSM-5 (Si/Al=15) catalyst has 96/16 active sites per unit of ZSM-5 of 9.958 × 1019 
units/gram. 9.958 × 1019 units/gram of ZSM-5 was obtained from its molecular 
weight (6048 g/mol) and the Avogadro number (6.0225 × 1023 units/mol). For 300 
mg of ZSM-5, 1.7925 × 1020 active sites are available. 
3. Consequently, a methanol coverage of 0.7866 methanol molecules/active site is 
obtained.  
4. Haw and co-workers (78) used 1 ppm of ethanol impurity which gives 7.866 × 10-6 
molecules per bridging OH while 36 ppm of ethanol impurity gives 2.83176 × 10-5 
molecules per bridging OH.  
5. However, if 1 ppm ethanol impurity (7.866 × 10-6 molecules per bridging OH) gives 
2 ppm of volatile hydrocarbons, then, proportionally, 2.561× 10-3 molecules per 
bridging OH should give 650 ppm of volatile hydrocarbons 
6. The calculated 2.561× 10-3 molecules per bridging OH is 2 orders of magnitude 
higher than the reagent quantity used by Haw and co-workers (78) which is 36 ppm 
of ethanol impurity - 2.83176 × 10-5 molecules per bridging OH 
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This shows that impurities are not solely responsible for the formation of the first 
hydrocarbons over ZSM-5 catalyst. Coverage is a function of adsorption, desorption and 
surface reaction. In the calculations above, it is assumed that the adsorption and desorption 
factors are not affected by the changes in ethanol impurity and that coverage has a linear 
dependence with surface reaction presumably from the dehydration of ethanol to ethylene. 
Nonetheless, the calculations above are in agreement with the work of Hunger and co-workers 
(104) who also observed that the conversion of methanol over SAPO-34 with loadings of 0.10 
ethanol molecules per OH group or 0.05 acetone molecules per OH group are necessary to 
obtain aromatics and carbenium ions of similar concentrations to those obtained by the 
conversion of surface methoxy groups. Hunger and co-workers (104) observed that the 
concentration of ethanol and acetone impurities in reagent methanol feed are at least two 
orders of magnitude lower than that required to form aromatics and carbenium ions over 
SAPO-34 which is in agreement with the calculations above.  
Haw and co-workers (80) also combined theoretical studies using extended cluster 
models with experimental clues of the existence of a 5-membered ring cation (1,3-
dimethylcyclopentadienyl) (105) and a 6-membered ring cation (1,1,2,4,6-
pentamethylbenzenium) (106) to show the co-conversion of toluene with methanol to give 
isobutene through a paring mechanism over ZSM-5 catalysts. The paring mechanism used by 
Haw and co-workers (80) to explain the co-conversion of toluene with methanol for the initial 
carbon-carbon formation presents one major challenge. The pre-existence of toluene in the 
methanol feed makes kinetic modelling for verifying reaction scheme very challenging.  
Polymethylbenzenes over SAPO-34 catalysts and alkyl substituted cyclopentyl 
carbenium ions over ZSM-5 catalysts have been observed at relatively low contact times 
during MTH conversion (77, 105). Polymethylbenzenes form olefins, also observed at low 
contact times and conversions, through the aromatic dealkylation steps (77, 87).  
Conversely, using in-situ 13C NMR spectroscopy and gas chromatography during MTH 
conversion on ZSM-5 catalysts, Goguen et al. (91) observed ethylene traces at reaction times 
of 1 s. Kaeding and Butter observed ethylene at low conversions (86). Ethylene also forms 
alkyl substituted cyclopentyl carbenium ions at a reaction time of 4 s (105, 107). These 
cyclopentenyl carbenium ions are intermediates for toluene formation (another postulated 
hydrocarbon pool specie) over ZSM-5 catalysts. Derouane and co-workers (85) observed 
ethylene at low conversions although not with 13C NMR and concluded that the high reactivity 
of ethylene with Brønsted acid sites readily lead to carbenium ions.  
In summary, olefins and aromatics have been observed as initial C-C bond formed from 
oxygenates (methanol, DME). Where aromatics are formed initially from impurities in the feed, 
olefins are formed indirectly through an aromatic dealkylation chemistry. On the contrary, 
olefins could form directly from the methanol feed.  
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2.5.3.2. Direct mechanisms  
The direct formation of olefins from oxygenates was initially proposed through various 
mechanisms (3). These mechanisms are identified by their key intermediate. Among these are 
the oxonium ylide, carbene, methane-formaldehyde, surface methoxy groups and carbon 
monoxide.  
IR and 13C MAS NMR investigations of the conversion of surface methoxy species over 
acidic zeolite support the view that the initial C-C bond forms via the direct mechanism (66, 
67, 104, 108). Isolated surface methoxy groups can be rigidly bound on the catalyst surface 
and have a high thermal stability (64, 89). Using infrared and MAS NMR spectroscopy, surface 
methoxy species are present and directly coordinated to the aluminosilicate framework prior 
to the onset of hydrocarbon formation (65, 66, 109-111). Surface methoxy groups show high 
thermal stability below 200 °C. The conversion of pure methoxy species directly to olefins and 
other hydrocarbons have been observed using 13C MAS NMR over H-Y, ZSM-5 and SAPO-
34 catalysts at temperatures between 200 – 400 °C (67). They can act as precursors for 
carbene and ylide formation (89). Other direct mechanisms include:  
 
A. Oxonium ylide mechanism 
Mole and co-workers (112, 113) proposed the formation of oxonium-ylide species during 
MTH conversion at low temperatures (300 °C). Recent studies by Lesthaeghe and co-workers 
(34, 35, 82) using extended cluster DFT modelling showed that the primary formation of 
ethylene over ZSM-5 catalysts could occur through three routes (scheme 2.1).  
  
Scheme 2.1: Oxonium ylide mechanism  
Following the equilibration of methanol, DME and water, dimethyl oxonium ion (DMO) 
could be formed directly from adsorbed DME. DMO could be deprotonated to obtain methyl 
oxonium methylide (MOMY) which further undergoes a Stevens-type intramolecular 
rearrangement leading to ethanol and the first C-C bond. Alternatively, trimethyl oxonium ion 
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(TMO) could be formed from the co-reaction of DME and methanol, co-reaction of two 
adsorbed DME molecules or reaction of a framework bound methoxy species with DME (82). 
Using periodic DFT studies, TMO has been shown to be stabilised by the zeolite framework 
(34, 39) and DMO can also react with DME to yield TMO. TMO could further undergo proton 
abstraction to yield dimethyl oxonium methylide (DOMY) which could undergo a Stevens-type 
intramolecular rearrangement, forming the first carbon-carbon bond,  giving rise to methylethyl 
ether (86) or an intermolecular methylation forming ethyldimethyl oxonium ion (EDMO). EDMO 
could undergo β-elimination to form ethylene and dimethyl ether.  
Using extended cluster DFT models, Lesthaeghe and co-workers obtained that the 
deprotonation steps from DMO to MOMY and from TMO to DOMY to be non-existent (34, 35, 
39). The formation of TMO and EDMO are stable on ZSM-5 catalysts. However, due to steric 
constraints, Lesthaeghe and co-workers have shown the improbability of proton abstraction 
from TMO (34). Tajima et al. (114) and Lesthaeghe et al. (34) showed, using cluster and 
extended cluster models, DOMY to be a highly unstable specie. Periodic DFT calculations 
considering the whole unit cell of the zeolite could give confirmatory conclusions on stability 
of species and feasibility of the direct route. Also, framework aluminium might not possess the 
energy necessary for hydrogen abstraction from the oxonium ion (115). These studies (34, 39) 
show EDMO and TMO as stable species, however, their direct interconversion by insertion of 
a carbene groups has not been investigated either experimentally or theoretically (34).  
 
B. Carbene mechanism 
Carbene was suggested as the dominant intermediate in the methanol to gasoline 
reaction following a decrease of iso-butane to n-butane ratio (116). There are two proposed 
routes for the carbene mechanism (scheme 2.2). The first route involves the formation of 
carbenes via surface methoxy groups (scheme 2.2a). The formation of the surface methoxy 
groups has been studied theoretically from one methanol molecule (74, 117) and DME (70, 
118) and from two methanol molecules (119). The conjugate base oxygen of the methylated 
acid site is the basic site used in the deprotonation of the surface methoxy species leading to 
carbene formation (119). Through the second route, carbenes could be formed from α-
elimination of water molecules from methanol. Here, the formation of carbene species is based 
on the proximity of two acid sites (one in conjugate base form). They can further undergo 
subsequent oligomerisation to form olefins or by sp3 insertion of the carbene into the methanol 







i. From DME (via surface methoxy groups) (119) 
 
ii. From methanol (120) 
𝑍 + 𝐶𝐻3𝑂𝐻 + 𝐻𝑍 → 𝑍 + [∶ 𝐶𝐻2] + 𝐻2𝑂 + 𝐻𝑍 
Scheme 2.2: Carbene mechanism 
Both routes fail to account for methyl ethyl ether observed in the conversion of methanol 
over ZSM-5 catalysts (85). The conjugate base of the zeolite may not be strongly basic to 
abstract hydrogen from methanol (60). Using extended cluster approximations, the activation 
energy for carbene formation is high (215 – 232 kJ mol-1) (35, 119). The desorption of carbenes 
involve high activation barriers of similar magnitude to the formation of the carbene itself (119) 
suggesting that ethylene formation via carbene polymerisation is unlikely (119, 121).  
Hutchings and co-workers found the carbene proposal to be inconsistent with their 
observations of decreased methane/alkene ratios as conversion increased with contact times 
(60, 121). Mihail and co-workers (122) suggested that high methane concentrations observed 
at low conversions is due to the known reaction of carbene with hydrogen. However, Mihail 
and co-workers (122) suggested that a source of hydrogen could be from the water gas shift 
reaction or methanol decomposition although no experimental evidence was given. Hutchings 
and co-workers (60) checked for hydrogen formation through the water gas shift reaction over 
ZSM-5 catalysts at temperatures between 350 – 400 °C and found no evidence of this reaction. 
Here, methanol decomposition was studied over Na-ZSM-5 to avoid the complication of 
hydrocarbon formation (60) and found no evidence for methanol decomposition at 250 °C for 
a wide range of methanol feed rates. Methanol decomposition was only observed to a limited 
extent at higher temperatures (350 – 400 °C). The experiments demonstrate that methanol 
decomposition and water gas shift reaction are not viable sources of hydrogen for the 
formation of methane at low temperatures. Nonetheless, Kondo and co-workers (123), using 
IR spectroscopy, provided evidence for carbene-like intermediates on reaction between 
methoxy species and light alkenes.  
 
C. Methane-formaldehyde mechanism  
Methane and formaldehyde have been observed in similar amounts above 357 °C and 
low conversions under vacuum conditions in a TAP reactor (124). Less formaldehyde is 
detected with increasing temperature and methanol conversion (124, 125). Theoretically, there 
are multiple routes (scheme 2.3) towards methane and formaldehyde formation starting from 
two methanol molecules, or surface methoxy species and methanol, or from TMO adsorbed 
with methanol (35, 82, 114). Once formed, the adsorbed methane and formaldehyde 
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molecules react to form ethanol which subsequently dehydrates to form ethylene. Extended 
cluster models have shown this direct route to be improbable (35). They suggest that the 
conversion of methane or formaldehyde proceeds too slowly for this to be a suitable 
mechanism. However, recent studies using periodic DFT calculations suggest that the 
methane-formaldehyde mechanism is probable with methane formation having an activation 
energy of 149.6 kJ mol-1 and ethanol formation to be 124.5 kJ mol-1(88). This mechanism 
cannot be faster than ethylene formation from ethanol impurities in methanol feed through the 
indirect mechanism.  
𝐶𝐻3𝑂𝐻 + 𝐶𝐻3 ∙ 𝑍 → 𝐶𝐻4 + 𝐶𝐻2𝑂 ∙ 𝐻𝑍                                                                                                   (2.3.1) 
𝐶𝐻4 + 𝐶𝐻2𝑂 ∙ 𝐻𝑍 ⇌  𝐶𝐻3𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍                                                                                                    (2.3.2) 
𝐶𝐻3𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻2 ∙ 𝑍 + 𝐻2𝑂                                                                                                   (2.3.3) 
𝐶𝐻3𝐶𝐻2 ∙ 𝑍 + 𝐻2𝑂 ⇌ 𝐶2𝐻4 + 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                  (2.3.4) 
Scheme 2.3: Methane-formaldehyde mechanism  
 
D. Methoxymethyl cation mechanism  
Fan and co-workers (88) provided spectroscopic and theoretical evidence for the direct 
mechanism for initial C-C bond formed from methanol over SAPO-34. They identified a 
methoxymethyl cation (CH3OCH2+) using IR spectroscopy and verified its stability in the CHA 
cage of SAPO-34 using DFT calculations. CH3OCH2+ forms from the reaction of DME and 
surface methoxy groups. CH3OCH2+ combines with another DME or methanol molecule to 
give 1,2-dimethoxyethane or 2-methoxyethanol respectively (scheme 2.4). The latter 
components are methylated by methoxy species and decomposed in a series of reactions to 
give propylene as the primary olefin. Chowdhury et al. (126), using solid-state NMR 
spectroscopy with uV/Vis diffuse reflectance spectroscopy, provided evidence for 
intermediates such as surface acetate, methyl acetate and dimethoxymethane during MTO 
conversion over SAPO-34. Fan and co-workers (127) also proposed a route which involves 
methanol and surface methoxy groups leading to formaldehyde and methane, which 
subsequently leads to the formation of the first C-C bond. They showed that the methanol 
pathway for initial C-C bond is less favourable thermodynamically and kinetically than the DME 
pathway (involving the formation of CH3OCH2+). These studies highlight a new direction in 
MTO chemistry involving the role of secondary oxygenates. The evidence (DFT and 
spectroscopy) suggests that primary oxygenates (methanol, DME) lead to secondary 
oxygenates (1,2-dimethoxyethane, dimethoxymethane, 2-methoxyethanol), which 





𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻4                                                                                          (2.4.1) 
𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻3 ∙ 𝑅 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑅 + 𝐻𝑍                                                                                 (2.4.2) 
𝑅 = 𝐻, 𝑂𝐻, 𝑂𝐶𝐻3 
Scheme 2.4: Methoxymethyl cation mechanism 
 
E. Carbocation mechanism 
This mechanism, originally proposed by Olah and co-workers (128) and modified by 
Kagi (129) involves methanol protonation in an acidic medium resulting in carbenium ion 
formation. The carbenium species react on vacant zeolite sites to form methyl ethyl ether 
which react with methyl carbenium ion supplied by protonated DME. The resultant methyl 
isopropyl ether could react with a methyl carbenium ion or eliminate methanol to form 
propylene (scheme 2.5). Another carbocation route involves the formation of carbenium ions 
which reacts with methanol to produce higher ethers which decompose to give propylene (66, 
85).  
2𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂                                                                                                                   (2.5.1)   
𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 ⇌ [𝐶𝐻3𝑂𝐶𝐻3 − 𝐻]
+ ∙ 𝑍                                                                                                 (2.5.2) 
[𝐶𝐻3𝑂𝐶𝐻3 − 𝐻]
+ ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 ⇌ [(𝐶𝐻3)2𝑂𝐶𝐻3 − 𝐻]
+ ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                    (2.5.3) 
[(𝐶𝐻3)2𝑂𝐶𝐻3 − 𝐻]
+ ∙ 𝑍 ⇌ 𝐶𝐻3𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                   (2.5.4) 
𝐶𝐻3𝐶𝐻2𝑂𝐶𝐻3 + [𝐶𝐻3𝑂𝐶𝐻3 − 𝐻]
+ ∙ 𝑍 ⇌ [(𝐶𝐻3)3𝑂𝐶𝐻3 − 𝐻]
+ ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                             (2.5.5) 
[(𝐶𝐻3)3𝑂𝐶𝐻3 − 𝐻]
+ ∙ 𝑍 ⇌ (𝐶𝐻3)3𝑂𝐶𝐻 ∙ 𝐻𝑍                                                                                        (2.5.6) 
(𝐶𝐻3)3𝑂𝐶𝐻 ∙ 𝐻𝑍 → 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 + 𝐶3𝐻6                                                                                               (2.5.7) 
Scheme 2.5: Direct carbocation mechanism  
 
F. Carbon monoxide mechanism 
The carbonylation of methoxy groups by carbon monoxide originally proposed by 
Jackson and Bertsch (130) in 1990, has regained prominence (52, 126). Recently, it was 
shown that carbon monoxide forms slowly during the induction period and reacts with surface 
methoxy species leading to methyl acetate and acetic acid as intermediates (52, 130). Liu et 
al. (52) postulated that these intermediates undergo a series of acid-catalysed reaction such 
as acetylation, decarboxylation, aldol condensation, and cracking to obtain surface bound 
hydrocarbons, the hydrocarbon pool and the first olefin. The carbon monoxide mechanism is 
increasingly accepted as DFT calculations show that the carbonylation step has an activation 
energy as low as 80 kJ mol-1 (52). Other acid catalysed steps could involve prohibitively high 
activation energies. The intermediates observed here are similar to those involved with the 
indirect mechanism involving acetone impurities leading to primary C-C bond formation (131).  
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Over SAPO-34 zeo-type catalysts, Chowdhury et al. (126) provided evidence of the 
formation of surface acetate and methyl acetate as well as dimethoxymethane during the MTO 
process using a combination of solid-state NMR spectroscopy with UV/Vis diffuse reflectance 
spectroscopy and mass spectroscopy. Chowdhury et al. (132) further investigated the 
conversion of methyl acetate to olefinic and aromatic hydrocarbons using the same 
combination of solid-state NMR spectroscopy with UV/Vis diffuse reflectance and mass 
spectroscopy. Their separate pieces of work (126, 132) provide spectroscopic proof of the 
carbon monoxide carbonylation mechanism leading to methyl acetate and later to olefins and 
aromatics. The major challenge lies in bridging real kinetics with spectroscopic studies. Also, 
the pathway over ZSM-5 catalyst may be different from SAPO-34 due to their different pore 
architectures. Following the work of Dedecek and co-workers (41, 43, 133), the siting of single 
Al atoms and Al pairs are different for pore channels, intersections and cages. Due to the 
different architectures of ZSM-5 and SAPO-34, the siting and thus varied distribution of single 
Al atoms and Al pairs could affect the MTH chemistry differently.   
 
G. Radical mechanism 
Free radicals were observed during the conversion of DME to hydrocarbons at 
temperatures above 171 °C using electron spin and electron paramagnetic resonance. 
Radicals were associated with solid-state defects in the ZSM-5 catalyst (134). A mechanism 
was proposed by Clarke et al. (134) for the formation of the initial C-C bond involving either 
direct coupling of (methoxymethyl) radical species or C-H bond insertion by methylene, 
generated by methoxy radical scission. These mechanisms were disputed by Hunter et al. 
(121, 135) who observed no effect of adding 1-3% NO, a known radical scavenger, during 
methanol/DME conversion over Na-ZSM-5 at 250 °C. Na-ZSM-5 was chosen because it is 
essentially inactive towards DME under these  conditions. However, Chang et al. (136) studied 
the effect of NO concentration (0, 450 and 5000 ppm) on zeolites with SiO2/Al2O3 ratios of 
1800 and 70 at 450 °C, 1 atm in a packed bed reactor. With lower acidity, addition of 5000 
ppm NO completely suppressed hydrocarbon formation within 30 min. At 450 ppm, NO 
suppression required a 2 h induction period. Similar behaviour was observed at higher acidity 
albeit with a longer methanol breakthrough. They concluded that the catalyst was poisoned 
by a process involving radicals (136). The results of Chang et al. (136) are in agreement with 
Clarke et al. (134) but in contrast to Hunter et al. (121, 135), thus rendering this mechanism 




2.5.3.3. Summary on primary olefin formation  
Given the primary reactant (methanol and/or DME) and the primary olefin (ethylene 
and/or propylene), various mechanisms (direct or indirect) have been investigated. DFT 
calculations have shown the improbability of many direct pathways due to activation energies 
exceeding 200 kJ mol-1. Major results from Lesthaeghe and co-workers (34, 35, 82) suggest 
that the direct formation of the first C-C bond from methanol or DME involve prohibitively high 
activation energies. They also cite the instability of intermediates such as oxonium ylides as 
key reasons for the failure of direct C-C coupling. Although, DFT calculations have refuted 
selected routes towards primary olefin formation, the direct mechanism could still possible.  
Kinetic modelling techniques are indispensable tools used to discriminate between direct 
and indirect mechanisms of primary olefin formation. Parameter estimation and optimisation 
leads to adequate descriptions of the reaction chemistry at low conversions. Industrial 
processes can later be simulated by checking the effect of pressure, temperature and contact 
time. The olefins may be formed directly or indirectly through the aromatic dealkylation 
chemistry. If the polymethylbenzenes are initially formed and lead to olefins through the 
indirect mechanism, it is important to investigate how bulky polymethylbenzes of 8 to 9 
carbons are formed in an initial single step or sequence of steps from methanol or DME which 
contain 1 and 2 carbons respectively.  
After the primary products (decomposition products and primary olefins) are formed 
during the induction period, a working catalyst operates by regulating the product distribution 
via a hydrocarbon pool mechanism.  
 
2.5.4. Hydrocarbon pool 
From the studies on the direct and indirect mechanism, kinetic experiments aiming to 
investigate the early stages of MTH process lead to observation of primary olefins and 
decomposition products. However, spectroscopic experiments designed to probe the early 
stages of MTH conversion have led to the observation of certain surface intermediates 
including aromatics and acetates preceding primary olefins.  
Over SAPO-34, the data on the appearance of intermediates (acetates, aromatics) and 
gaseous primary olefins are conclusive as the intermediates are too large to escape the cages 
of the zeo-type catalyst. The aromatic cycle controls product distribution due to steric 
constraints of internal cages.  
For ZSM-5 catalysts where the pore size is comparable to the size of light 
polymethylbenzenes and olefins, it is important to investigate why aromatic species do not 
escape the pore channels during the early stages of the reaction. One reason for this could 
be that aromatics have higher desorption energies than olefins and so would not appear in the 
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gaseous product spectrum. However, aromatics appear at higher contact times. Over ZSM-5 
catalysts, general steric constraints do not apply but kinetic constraints may occur.   
The hydrocarbon pool regulates product distribution at steady state (Fig. 2.3). During 
kinetic experiments, at high flowrates (i.e. low contact times), where gaseous primary olefins 
are observed, it is likely that the catalytic cycles rotate or propagate with olefins as termination 
products. At low flowrates (i.e. high contact times), the dual-cycle is truncated such that both 
olefins and aromatics are observed simultaneously. At steady-state, product distribution is 
regulated by the propagation of both cycles of the hydrocarbon pool.   
The hydrocarbon pool consists of the olefin cycle and the aromatic cycle over ZSM-5 
catalysts. The hydrocarbon pool can be initiated depending on the initial availability of olefins 
(as observed in kinetic studies) or aromatics (as observed in spectroscopy). The olefin cycle 
involves chemistries such as olefin methylation, oligomerisation, and cracking. The aromatic 
cycle involves methylation and dealkylation. Hydrogen transfer and cyclisation steps link the 
olefin to aromatic cycle. Paraffins are termination products but their distribution at high 
temperatures is also regulated by cracking and alkylation with olefins.  
 
Fig. 2.3: Dual-cycle during the conversion of methanol to hydrocarbons over zeolite catalysts. 
Adapted from ref. (4). 
 
2.5.4.1. Olefin methylation, oligomerisation and cracking 
Once primary olefins are formed, they can undergo methylation to higher olefins in an 
autocatalytic cycle. Olefins are methylated by methyl groups generated from methanol and/or 
DME. Svelle and co-workers (40) observed that DME is a more reactive methylating agent 
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than methanol and that DME reacts faster with olefins than with aromatics. The reaction of 
methanol with butene is faster than methylation with propylene and ethylene. This is due to 
the formation of tertiary carbenium ion intermediates in case of butenes which are more stable 
than the secondary carbenium ion intermediates with propylene and primary carbenium ion 
intermediates with ethylene (66). Wu et al. (137) observed methylation rates to decrease in 
the following way: C5>C4>C6>C3>C2. Olefin methylation has been found to be zero order 
with respect to the methylating agent. The DME methylation rate of olefins is greater than 
methanol, with a factor close to 2.5 (40) at 350 °C.  
Dahl and Kolboe (93, 94) observed the co-catalytic effects of the reaction of olefins with 
methanol at equivalent contact times greater than 10 s. In addition, Ono and Mori (66) showed 
that the induction period for MTH conversion is greatly reduced in the co-reaction of methanol 
and olefins over ZSM-5 catalysts. This is possibly due to the autocatalytic effect which is 
present at short contact times. Svelle and co-workers (30, 31) conducted kinetic studies of the 
co-reaction of methanol with olefins and extrapolated to zero olefin concentrations to extract 
information about methylation steps involved in MTH conversion. These studies were 
conducted at relatively high WHSV i.e. low contact times of 0.0042 – 0.042 h over 2.5 mg of 
ZSM-5 (Si/Al=45) catalysts at 350°C. Extrapolating to a zero contact time, an n-butene 
selectivity of about 70% was obtained as well as 15% C5, 8% isobutene and 7% C6+ when co-
feeding propylene and methanol. This shows that methylation of propylene was not the only 
reaction occurring as n-butene selectivities are less than 100%. When co-feeding ethylene 
with methanol, a contact time of 0.0034 – 0.034 h was used. A maximum conversion of about 
7.5% and an autocatalytic effect was observed. Nevertheless, propylene selectivity of about 
90% was obtained showing that other side reactions are occurring. The apparent activation 
energy for ethylene, propylene and butene methylation by methanol was obtained as 109, 110 
and 90 kJ mol-1. It is important to note that these are apparent activation energies where 
transport could affect intrinsic kinetics. The activation energy for gas-phase reactions is 
normally rather high (80 – 240 kJ mol-1), while that for diffusion is small (about 5 kJ mol-1 at 
room temperature or 15 kJ mol-1 at 1000 °C). For reactions influenced by strong pore 
resistance, the observed activation energy is approximately half the true activation energy 
(138). Intrinsic kinetic parameters are always preferable in kinetic studies because they are 
scale-independent.  
The conversion of primary olefins to hydrocarbons is well described by the carbenium 
ion mechanism. Alkenes can undergo true polymerisation involving the formation of oligomers 
from alkenes only (61). Rapid olefin double bond and skeletal isomerisation occur 
simultaneously with oligomerisation (61, 139). Subsequent oligomers could be cracked in a 
reversible reaction to give smaller olefins. Acidic oxides such as zeolites can catalyse various 
oligomerisation reactions. This include pure oligomerisation reactions and conjunct 
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oligomerisation reactions. Pure oligomerisation can either occur as simple polymerisation 
where one structural monomer is involved or co-polymerisation where two structurally different 
monomers react. Of the gaseous olefins, isobutylene is the most readily polymerised and 
ethylene is the least reactive. The rate of polymerisation is related to the ease with which a 
cation is formed through the interaction of the catalyst with alkenes (61). Carbenium ion 
mechanism is the accepted mechanism for olefin oligomerisation. Pure oligomerisation could 
occur with and without isomerisation. On the other hand, conjunct polymerisation occurs via 
polymerisation, isomerisation, cyclisation and hydrogen transfer chemistries. It leads to the 
formation of two layers on the catalyst; an upper hydrocarbon layer consisting of saturated 
hydrocarbons and a lower acid layer consisting of sludge hydrocarbons i.e. cyclic unsaturated 
hydrocarbons consisting of five-membered mono- or polycyclic rings and having an average 
of two or three double bonds per molecule (61).  
Cracking also proceeds through carbenium ion intermediates (62). They occur at the 
bond located β to the carbon atom bearing the positive charge. In addition, any two alkenes 
may react to disproportionate, through a carbenium ion intermediate, to two olefins of different 
carbon numbers. The rates of oligomerisation, cracking and disproportionation determine the 
olefin product distribution (139). Catalytic cracking takes place by a heterolytic split of the C-
C bond or ionic rupture of the bond in which a carbenium ion mechanism is involved (61). 
Olefins crack at a much higher rate than paraffins. Also, alkyl aromatics with propyl or larger 
substituents crack at a higher rate than paraffins. Alkyl aromatics crack preferentially close to 
the ring. For paraffins, the rate of cracking increases with the length of the carbon chain (61).  
Olefin interconversion includes isomerisation, oligomerisation, cracking and methylation 
steps (140, 141). The chemistry of olefin oligomerisation can be greatly simplified by assuming 
that the isomers for a given carbon number are at equilibrium. They can be lumped and subject 
to further modelling studies (139, 142, 143).  
 
2.5.4.2. Hydrogen transfer and cyclisation  
Following the formation of C6+ olefins, the generation of olefinic carbenium ions (dienes 
adsorbed on protonic acid sites via hydrogen transfer reactions between olefins) is the first 
step in the sequence of reaction steps leading to aromatic formation. Through cyclisation, 
olefinic carbenium ions are transformed into cyclic olefins and hydrogen transfer steps 
between the cyclic olefins and diolefins and between cyclic olefins and carbenium ions result 
in aromatic formation (143). The formation of dienes, cyclic diolefins and aromatics is balanced 
by the formation of paraffins (61, 139, 144). With no coking, the alkane/aromatic ratio is three, 
however if there is coking, this ration is higher than three (23). Hydrogen transfer reactions 
between olefins can lead to aromatics via cycloalkanes. Muller et al. (145) and Martinez-Espin 
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et al. (146) recently investigated hydrogen transfer reactions between methanol and olefins 
and found this route to be faster than between olefins during MTH conversion.  
 
2.5.4.3. Aromatic methylation and dealkylation 
Studies of co-reaction of aromatics with methanol show that aromatics are 
mechanistically connected with ethylene production over ZSM-5 catalysts via the aromatic 
cycle (96, 147). Higher olefins except ethylene are formed as a result of olefin oligomerisation, 
methylation and cracking via the olefin cycle while aromatics formed from hydrogen transfer 
and cyclisation chemistries undergo an aromatic cycle through aromatic methylation and 
dealkylation chemistries (4). Co-feeding experiments (12C p-xylene and 13C methanol) 
conducted at high flowrates over ZSM-5 catalysts show that the aromatic cycle produces 
ethylene and propylene at similar rates (83, 148). The propagation of the olefin and aromatic 
cycles are tunable depending on the operating conditions (4). Recently, Lercher and co-
workers showed qualitatively that the aromatic cycle dominates at low conversions while the 
olefin cycle is dominant at higher conversions (149) over ZSM-5 catalysts. While co-feeding 
aromatics free of diffusional constraints with methanol, the aromatic cycle is highly favoured 
over the olefin cycle. Conversely co-feeding olefins do not have significant effects on the olefin 
or aromatic cycle. They favour hydrogen transfer and the cyclisation step leading to the 
formation of aromatics (150).  
The dominance of the chemistries of the dual-cycle during MTH conversion is different 
for SAPO-34. Methanol conversion over SAPO-34 leads to the production of light olefins. The 
aromatic cycle is propagated faster and dominant over the olefin cycle in SAPO-34 due to 
large cages that allow for their formation. Large polymethylbenzenes (hexa- and hepta-
methylbenzenes) present in the cages of the zeolite are too bulky to escape and hinder the 
movement of small reactants and products. These large polymethylbenzenes through the 
aromatic cycle undergo dealkylation in the cages leading to the release of light olefins (151). 
Hunger and co-workers recently showed that the olefin cycle is dominant during the early 
stages of the reaction while the aromatic cycle is dominant at longer times on stream over 
SAPO-34 catalysts (68).  
Aromatic dealkylation is a certain type of cracking reaction that proceeds through a 
carbenium ion mechanism. The dealkylation of alkyl aromatics lead to lower aromatics and 
olefins. They could also lead to the formation of an aromatic with olefinic side chain and a 
paraffin. The dealkylation of polymethylbenzenes occurs through either paring or side chain 
mechanisms (103) as previously mentioned.  
1H MAS NMR and 13C MAS NMR spectroscopy have been used to study the species 
present on the zeolite catalysts. This has been used in confirming the presence of carbenium 
ions on zeolite and zeo-type catalysts such as ZSM-5 and SAPO-34 respectively (68, 84). 
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Specifically, 13C MAS NMR techniques have also been used for observing the formation of 
surface methoxy groups and their conversion (65, 109, 111). Also, with probe molecules such 
as acetone, the 13C MAS NMR technique has been used to study the proximity and synergy 
of Brønsted/Lewis acid sites on zeolite catalysed reactions (152).  A recent review by Olsbye 
and co-workers (153) showed that three-membered ring compounds, dienes, 
polymethylcyclohexenyl, polymethylcyclopentenyl and polymethylbenzenium carbenium ions 
are active hydrocarbon pool species obtained during MTH conversion over SAPO-34. Several 
similar carbenium ions (polymethylbenzenium and polymethylcyclopentenyl) were identified 
over ZSM-5 catalysts.  
In summary, MTH conversion over zeolite catalysts is autocatalytic in nature and is 
accelerated by the presence of olefins or aromatics in the feed. A typical S-shaped curve 
showing autocatalytic reaction is observed for the conversion of methanol with contact time 
(150) or temperature (68). Over SAPO-34 and ZSM-22 catalysts, product distribution at 
steady-state is regulated by steric constraints. Over ZSM-5 and Beta catalysts, kinetic 
constraints apply, and the product distribution is tunable depending on process conditions.  
 
2.6. Product distribution in fixed bed reactors 
MTH conversion, product selectivity and catalyst stability vary with bed dimensions and 
reaction time. In the absence of symmetric and radial contributions in a fixed bed, the axial 
length (z) is the prominent independent variable among the bed dimensions. The axial length 
can succinctly be represented as contact times. Accordingly, as the reaction progresses, 
conversion would also vary with catalyst lifetime. Catalyst lifetime is mostly recorded as time 
on stream (TOS). This dependence of product selectivity on axial length and catalyst lifetime 
can be quantified according to coupled partial differential equations given by the specie 
balance (154). 
Most kinetic experiments investigate the changes in conversion with contact time while 
assuming conversion over time on stream stays constant (steady-state studies) or the 
changes in conversion with time on stream while its variation with contact time stays constant 
(pulse, step response, temperature-programmed studies). The contact time experiments are 
a measure of the catalyst activity and product selectivity. Time on stream experiments on the 
other hand give information on the catalyst lifetime. Also, studies conducted with time on 
stream at a specific contact time can give information on evolution of the reactant feed onto 
products. For instance, during MTH conversion, the adsorption, desorption, diffusion and 
reaction of methanol to form hydrocarbons can be decoupled when it is fed over fresh ZSM-5 
catalysts using time on stream experiments. Kinetic studies on the primary formation of olefins 
from methanol should ideally provide contact times at which time on stream experiments are 
carried out and catalyst lifetimes (represented by time on streams) at which contact time 
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experiments are conducted. The evolution of primary olefins is best studied when both 
independent variables (contact time and reaction time) are varied accordingly.   
With negligible contributions of axial and radial dispersion, the partial differential 
equation representing the variation of mole fraction with contact time, 𝜏 and time on stream (t) 









                                                                                            (2.6.1) 
where 𝑦𝑖 is the mole fraction of specie i (-), 𝜏 is the contact time (gcat gfeed
-1 h) , (−𝑅𝑖)𝑠is the 
rate of consumption of specie i at the surface (mol gcat-1 h-1) , 𝑀𝑊𝑖 is the molecular weight of 
specie I (gfeed mol-1), 𝑤𝑇 is the total mass flowrate (gfeed h
-1), 𝑄𝑓 is the volumetric flowrate (m
3 
h-1), 𝜌𝑐𝑎𝑡 is the catalyst density (gcat m
-3), (1 − 𝜑) is the fraction of  bed occupied by solid and 
t is the time on stream (h).This equation is derived later in chapter 3 (section 3.3.2.2). 
Equation 2.6.1 holds for transient and steady state reactors. For experiments conducted 
in a TAP reactor at pressures less than 1000 Pa, the concentrations observed in the TAP are 
a hundred times less than those observed under kinetic experiments conducted under 
atmospheric conditions. Equation 2.6.1 for the TAP reactor then becomes close to the lower 
limit of the mole balance equation. Bimolecular reactions require adsorbed reactants on two 
adjacent sites (in a Langmuir-Hinshelwood mechanism) for product formation. The Langmuir-
Hinshelwood mechanism occurs more frequently than the Eley-Rideal mechanism (155).  
There is a minimum coverage in each surface reaction that guarantees the proximity required 
for the Langmuir-Hinshelwood mechanism. The threshold of this minimum coverage is 
dependent on the specific reaction. In vacuum pressure conditions such as in the TAP reactor, 
the threshold might never be reached, thus leading to a “pressure gap” between vacuum 
studies and industrial conditions where full coverage is achieved. During MTH conversion, 
methanol with one carbon atom (C1) can be transformed to hydrocarbons (C1 – C10). The 
initial stages of this transformation could be monomolecular where methanol or dimethyl ether 
forms its primary products. Thus, the pressure gap should have little influence on the formation 
of the primary products at the early stages. Moreover, on continuous flow in the TAP reactor, 
this threshold should be easily met as there is constant feed supply. Experiments conducted 
in this thesis were under continuous flow in the TAP reactor over a shallow bed configuration.  
 
2.7. Structured reactors for MTH conversion 
Methanol has been converted to hydrocarbons over various structured reactors. Patil 
and Lachman (156) wash-coated silicalite over a cordierite honeycomb with increasing binder 
content in the wash-coat to determine the effect of blocking the zeolite active sites during MTH 
conversion. They observed that 20 – 30% binder in the wash-coat was suitable for excellent 
adhesion, high catalyst loading and catalytic activity. Anita and Govind (157) employed a 
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zeolite-coated monolithic reactor for MTG conversion. Similar yields were obtained over the 
zeolite-coated monoliths compared to fixed and fluidised bed reactors although product 
distribution varied. MTO conversion was studied by ZSM-5 zeolite membranes to achieve 
uniform contacting time of molecules with active sites (158). By adjusting the diffusion and 
chemical reaction rates of the molecules within the ZSM-5 zeolite layer of the membrane, a 
high olefin selectivity of up to 90% is achieved with conversions ranging from 80 – 90%. 
However, there were cracks in the membranes used due to severe thermal and mechanical 
shocks during MTO conversion. Zeolite coated ceramic foams have also been used (159) to 
allow for variation of catalyst bulk thickness to maintain control over the quantity of catalytic 
species required for MTO conversion. Ivanova et al. (160) observed substantial activity, 
selectivity and lifetime improvements with ZSM-5 coatings on β-SiC monoliths compared to 
conventional zeolite packings. In all these systems, however, catalyst inventory remains an 
important obstacle. This challenge can be circumvented using co-extrusion of a catalyst 
substrate and a binder (161). Recent simulations by Guo et al. (162) on comparing methanol 
to propylene conversion over a packed bed of ZSM-5 particles and a co-extruded monolith 
show a higher reactor efficiency and propylene selectivity for monoliths. However, there are 
no experimental results to validate these numerical simulations.  
 
2.8. Kinetic models for MTH conversion 
2.8.1. Steady-state kinetic models 
Various lumped and single-event methodologies (163-169) have been used separately 
for the kinetic modelling of MTH conversion over zeolite catalysts. Chen and Reagan (163) 
used a four lump model in establishing the autocatalytic reaction between methanol/DME and 
olefins over ZSM-5 catalysts. Propylene was observed as the major olefin at conversions lower 
than 15%. The rate of higher olefin formation is about 50 times higher than the rate of the 
direct ethylene formation from methanol/DME. Chang (170) predicted the steady-state 
conversion and product selectivity during MTH conversion over ZSM-5 catalysts using a 4-
lump model that assumes the direct formation of olefins over a wide range of pressures from 
0.04 atm to 50 atm. Mihail et al. (59) explained MTH conversion through the generation of 
carbenes for primary olefin formation. However, the agreement between experiment and 
model was based on one data point for each specie and thus lacked sufficient rigour. 
Schoenfelder and co-workers (164) used a seven lump model in describing the MTH reaction 
over ZSM-5 in a fluidised bed reactor on the basis of kinetic studies conducted in a standard 
fixed bed reactor while Bos and co-workers (165) used a model system of 12 reactions 
involving 6 lumps and coke. Aguayo and co-workers (171-173) modelled the transformation 
of oxygenates to hydrocarbons assuming the direct olefin formation. Adsorption constants 
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were obtained from regression. They used a lumped model and assumed ideal plug flow 
reactor behaviour.  
Park and Froment (166, 167) explained MTH product distribution over a ZSM-5 catalyst 
with Si/Al = 200 between 360 – 480 °C and space times of 0.1 – 7 gcat h mol-1 with an oxonium 
methylide specie leading directly to ethylene and propylene as primary products using a Single 
Event Microkinetic (SEMK) methodology. Conversely, Kumar et al. (168) used the SEMK 
methodology over ZSM-5 with Si/Al = 200 between 370 – 480 °C and space times of 0.5 and 
6.5 kgcat s mol-1 (0.14 – 1.81 gcat h mol-1) and accounted for primary olefin formation using the 
indirect mechanism (aromatic hydrocarbon pool). The studies using the SEMK methodology 
highlights that different mechanisms could explain steady-state primary olefin formation. 
Steady-state data can be explained by several different models, but the results of transient 
experiments such as step or pulse responses are usually so rich that only a detailed complex 
model will come close to explaining the results (174).  
 
2.8.2. Transient-state kinetic models 
Currently, to the best of my knowledge, there are no transient kinetic models describing, 
on a microscale level, the early stages of MTH conversion except those explored in this thesis.  
 
2.9. Gaps in the Literature 
The review carried out above as well as the mechanistic implications described in the 
introduction (chapter 1) suggest the following gaps in understanding MTH conversion:  
a. Evidence for the key oxygenate and source of methylating agents 
b. Clarity on the exact pathway leading to primary olefin formation 
c. Nature of primary olefins and conditions under which they are formed  
d. General lack of microscale modelling techniques that can link modelling parameters 
obtained on a molecular level using DFT calculations and process level simulations  
e. Lack of a transient kinetic model that can verify the pathway leading to primary olefins 
as steady-state models have been shown to be indiscriminate  
f. Link between behaviour observed during the induction period and steady-state 
g. Lack of consensus on the state and nature of the active site during MTH conversion.  
h. Quantitative description of mechanisms that govern steady-state product distribution 
over ZSM-5 catalysts where propagation of olefin and aromatic cycles are tunable 






2.10. Thesis aims 
The aims of this PhD project were to plug these gaps in literature by: (a) advancing 
understanding of the induction period during which primary olefins are formed, (b) 
quantitatively describing the mechanism that regulate product distribution during MTH 
conversion at steady-state over ZSM-5 catalysts and (c) to developing a novel structured 
catalyst that can reduce pressure drop and optimise desired product yield from methanol. 
These objectives were reached using a combined experimental (transient kinetics, steady-
state kinetics, FTIR spectroscopy) and kinetic modelling approach on a microscale level.  
ZSM-5 was chosen due to its superior lifetime, thus limiting this study to the induction 
period and steady-state behaviour.  
 
2.11. Objectives  
The physical properties of the ZSM-5 catalysts were obtained by field emission scanning 
electron microscopy, X-ray diffraction, nitrogen physisorption, energy dispersive X-ray 
analysis and thermogravimetric analysis. Their chemical nature was assessed by transmission 
pyridine FTIR studies. During the transient studies, the specific objectives were to:  
a. Investigate the competitive adsorption and desorption of methanol and DME over 
ZSM-5 catalysts of different Si/Al ratios in a TAP reactor, estimate parameters 
governing the adsorption and desorption of methanol and DME with a transient kinetic 
model and obtain qualitative dependence of the competitive adsorption and desorption 
of methanol and DME with coverage. 
b. Investigate the evolution of the key oxygenate to primary olefin(s) at various 
temperatures using an independently developed novel step response methodology in 
the TAP reactor and observe the influence of precursors such as dimethoxymethane, 
carbon monoxide and hydrogen on the induction period and the establishment of the 
hydrocarbon pool. 
c. Propose a reaction mechanism through which primary olefins are formed from DME 
during the induction period from step response experiments, develop a transient kinetic 
code in MATLAB that can describe the step response data at low temperatures where 
primary olefins are limited and identify the rate-limiting step.  
 
Thereafter, during the steady-state studies, the specific aims were to:  
d. Develop a steady-state kinetic model in MATLAB to describe experimental data and 
quantitatively describe MTH conversion over ZSM-5 catalyst pellets at 370 °C. 
e. Develop, characterise and compare a novel structured ZSM-5 reactor called ZSM-5 
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3.1. Strategy of kinetic analysis 
The PhD aims and objectives were met using a combination of transient and steady-
state kinetic experiments, transmission FTIR studies and kinetic modelling. MTH conversion 
over ZSM-5 catalyst was investigated from a kinetic perspective with kinetic modelling for 
added depth and FTIR for added breadth and perspective.  
The catalysts and miniliths were initially characterised by nitrogen physisorption, 
thermogravimetric analysis, powder X-ray diffraction, field emission scanning electron 
microscopy, imaging, energy-dispersive X-ray analysis and transmission Fourier transform 
infrared spectroscopy. 
Transient kinetic studies such as temperature programmed desorption (TPD) and 
temperature programmed adsorption (TPA) have been used to provide detailed mechanistic 
information about the binding and release of species from active sites. Although pulse 
experiments have been conducted in MTH in conjunction with spectroscopic studies, a study 
of the continuous evolution of the dominant reactant to the primary olefin(s) has not been 
conducted before this work. A step response transient kinetic study can provide information 
on the evolution of the hydrocarbon pool and the formation of primary olefins. Through these 
transient kinetic studies, the adsorption, desorption and surface reaction of species can be 
described on the catalyst surface. Transmission FTIR data supports the transient kinetic 
studies as it provides detailed information on the nature of the active sites (Brønsted and Lewis 
acid site by pyridine FTIR study). Such information can be tied into the amount of desorbing 
species on the surface of the zeolite catalyst during TPD studies. Transmission FTIR is also 
used to describe the nature of adsorbed intermediates formed during the step response 
experiments.  
The transient kinetic data is useful for accurate description of steady state kinetic data. 
TPD data gives site-specific information on the key reactant during MTH conversion. Step 
response data coupled with FTIR could provide knowledge on the primary olefin and the exact 
pathway leading to their formation. The transient kinetic data was used to investigate 
elementary steps and adsorbed intermediates. The characterisation and transient data were 
combined with steady-state kinetic studies to describe the early stages of MTH conversion. 
The mechanisms that regulate product distribution during steady state MTH conversion can 
be determined over zeolite pellets and structured reactors. During the transient and steady-
state kinetic studies, microkinetic modelling was used as a tool to determine kinetic 
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parameters of reaction steps that control olefin formation during the induction period and 
product distribution under steady-state respectively. 
A combined experimental (i.e. TPD, TPA, step response, steady-state over powder, 
pellets and structured reactors) and kinetic modelling approach (based on microscale level) 
can yield key parameters and information that can be used to optimise selectivity of desired 
products, increase catalyst activity and ultimately be used for the design of chemical reactors 
used for MTH conversion. The reaction mechanisms are elucidated by transient experiments 
at constant temperatures (step response, pulse response, steady-state) while the nature of 
the active sites is understood using temperature programmed methods (temperature 
programmed adsorption and desorption). To the best of my knowledge on published data, this 
approach has not yet been applied to MTH conversion over ZSM-5 catalysts.  
 
3.2. Experimental 
3.2.1. Catalyst samples 
ZSM-5 samples with Si/Al ratios of 11.5 and 25, purchased from Zeolyst International, 
and of 36 and 135, obtained from BP chemicals, are here referred to as ZSM-5 (11.5), ZSM-
5 (25), ZSM-5 (36) and ZSM-5 (135). The ZSM-5 particles are of a micro-porous and meso-
porous nature. Pressing them together creates a system of macro-pores that are in fact the 
interstices of the powder particles and whose dimensions span the entire size of the particles. 
This leads to a tri-modal pore structure (1).  
 
3.2.2. Characterisation 
3.2.2.1. Nitrogen physisorption  
Brunauer, Emmett and Teller proposed a method of evaluating catalyst surface area 
based on a description of multilayer adsorption of weakly adsorbed molecules (2). They 
reasoned molecules like nitrogen begin to form multilayers before completion of a full 
monolayer. This had four underlying assumptions (3): (a) layers are densely packed, (b) heat 
of adsorption for the first layer is greater than the second (and higher) layers, (c) heat of 
adsorption is constant for all molecules in the first layer and (d) heat of adsorption for the 
second (and higher) layers is the same as the heat of liquefaction. The most commonly used 












                                                                                                                (3.1) 
where P is the equilibrium pressure of the gas with the surface, Po is the saturation vapor 
pressure, Vads is the volume of gas (STP) adsorbed by the sampled, Vm is the volume of gas 
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(STP) corresponding to the formation of a monolayer, and c is a fitted constant. A plot of the 
left-hand side of equation (3.1) against P/Po gives a slope equal to (
𝑐−1
𝑐𝑉𝑚
) and intercept equal 
to 1/cVm. The slope and intercept lead to an evaluation of Vm. The best fits to experimental 
data for mesoporous solids are typically obtained within an experimental range of 0.05 to 0.3. 
Thus, to arrive at a surface area, the number of molecules adsorbed in a monolayer is 




                                                                                                                                                      (3.2) 
where N is Avogadro’s number (mol-1), s is the cross-sectional area of adsorbing gas (nm2), V 
is the molar volume of adsorbing gas (m3 mol-1) and 𝑎 is the mass of the solid sample (g).  
Nitrogen physisorption studies were carried out either on a Micromeritics ASAP 2020 
unit or a 3Flex unit. The micrometrics unit is used for measuring BET surface areas as well as 
pore volumes. Generally, the samples were degassed by heating to 300 °C under vacuum 
(10-6 mbar) for 8 h. After degassing, the dried sample weight was determined. Prior testing 
showed that heating at 300 °C under vacuum for 8 h is adequate for moisture removal and 
acid site and catalyst preservation. Subsequently, the sample was cooled to -196 °C and liquid 
nitrogen was adsorbed at increasing partial pressures. BET surface areas (m2 g-1) and pore 
volumes (cm3 g-1) were obtained. A Rouquerol adjusted BET surface area (4) which considers 
the microporous range of adsorption was calculated using the 3Flex software. The BET 
equation (3.1) applies to the straight part of the BET plot but the choice of the parts of the plot 
that look linear is very subjective. The Rouquerol adjusted BET surface area accounts for this. 
The Rouquerol adjusted BET surface area allows for the selection of an appropriate pressure 
range for microporous solids. The adjustment is made such that a positive value of the “c” 
constant is obtained and pressure range selection where na · (PO-P) increases linearly with 
P/PO in accordance with Rouquerol et al. (4) is used. Rouquerol adjusted BET surface areas 
of specific samples are given in chapters 4, 5 and 8.  
 
3.2.2.2. Thermogravimetric analysis 
Thermogravimetric analysis (TGA) relies on the principle of measuring the change in 
catalyst weight as sample is heated or cooled at a controlled rate (5). Volatile coke species 
and H/C ratios have been determined by a combination of TGA and GC, MS or IR (6). TGA of 
the ZSM-5 (25) zeolite and the bentonite used in minilith (micromonolith) fabrication was 
carried out in the Setsys Evolution TGA 16/18 instrument from SETARAM. Before each 
experiment, 12 mg of sample was placed into an alumina crucible held in a TGA chamber that 
was continuously purged at 20 °C at 200 mL min-1 for 8 min. The experiments were performed 
under air at 20 mL min-1 and programmed such that the temperature is held at 20°C for 2 min, 
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ramped to 600 °C at 5 °C min-1, cooled to 20 °C at 20 °C min-1 and held at 20 °C for 20 min. 
Prior experiments showed that 5 °C min-1 ramp rate was adequate enough to allow for  specie 
desorption from ZSM-5 catalysts. The outlet gas was monitored by a mass spectrometer.  The 
experiments were conducted and analysed in chapter 8.  
 
3.2.2.3. Powder X-ray Diffraction  
Powder X-ray diffraction (XRD) is used to obtain structural information on the zeolite 
samples. XRD provides information about the Bragg angle (θ) of the reflection of an incident 
monochromatic x-ray beam on crystal planes, according to Bragg’s equation:  
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                                                                                                                                      (3.3) 
where n represents the order of reflection, λ the wavelength of the incident X-ray beam and d 
the spacing between reflecting crystal planes. Information is also provided about the intensities 
of the reflected X-rays. Each crystalline phase gives a typical XRD pattern which may be 
regarded as the fingerprint of the respective material (7).  
The zeolite samples were investigated using a Bruker D5005 diffractometer using Cu Kα 
radiation equipped with standard Bragg-Brentano geometry and a diffracted beam graphite 
monochromator and analysed in chapters 4, 5 and 8. 
 
3.2.2.4. Field Emission Scanning Electron Microscopy  
Scanning electron microscopy gives quick information on the shape and distribution of 
the size of the crystals and also of the presence of amorphous material (5). In the scanning 
electron technique, a fine beam of electrons is scanned over the surface of the sample using 
a system of deflecting coils. The various signals produced by the interaction of the electron 
with the surface, such as secondary electrons, back scattered electrons, or X-rays can be 
used to form an image. Magnifications in the range of 20 – 50,000 are available with a 
resolution of about 100 Å. Non-metallic samples such as zeolites are coated to ensure a 
sufficient electric conductivity to prevent a surface charge which leads to distorted pictures (5).  
The morphological features of the ZSM-5 catalysts were characterised using a Carl 
Zeiss sigma series Field Emission Scanning Electron Microscope and were analysed in 
chapters 4, 5 and 8 using an image processing software (ImageJ). 
 
3.2.2.5. Fourier-Transform Infrared Spectroscopy 
Infrared spectroscopy is used in catalysis to identify adsorbed species and to study the 
way in which these species are chemisorbed onto the catalyst’s surface (8). The type of probe 
molecule would influence the obtained characteristics of the probed solids as well as the 
53 
 
structure-activity relationship. Pyridine is a frequently used probe molecule for the quantitative 
assessment of the nature of acid sites (9).  
The pyridine FTIR procedure and experiments (chapter 4) were designed and conducted 
by Andrew. I McNab and Professor J.A Anderson at the School of Engineering of the 
University of Aberdeen. The procedure used is stated below:  
Catalyst samples were calcined in air (50 mL min-1) ex-situ at 450 °C for 2 h. The catalyst 
powders were then pressed into self-supporting discs, sufficient for the transmission of an IR 
beam and loaded into a custom-made thermogravimetric infrared cell with a CI Precision MK2-
M5 LM 2-01 microbalance and a Bruker Vertex 70 FTIR spectrometer. The catalyst discs were 
heated to 215 °C in nitrogen flow (10 mL min-1) for 2 h to dehydrate the sample before being 
cooled to an initial adsorption temperature of 100 °C where a spectrum was collected. 
Absorption coefficients were determined by pyridine uptake by the catalysts at two different 
temperatures. Samples were subjected to the flow of nitrogen over a schlenk flask containing 
pyridine. Once the amount of pyridine adsorbed had reached equilibrium, the source of 
pyridine was isolated and a further spectrum was collected. The cell temperature was then 
increased to ca. 130°C and the mass was allowed to equilibrate again after desorption of 
pyridine and a final spectrum was collected. The values of the absorption coefficients were 







                                                                                                                                       (3.4) 
where nT is the total uptake of pyridine (µmol g-1) determined from the microbalance (i.e. mass 
difference between point before adsorption of pyridine and equilibrated mass at either 
temperature), Cd is the area of the disc used (cm2), determined using imaging software, 
ImageJ, which calculates an area based on a user-defined section of a photograph, with 
known dimensions (in pixels), m is the initial mass (g) of the disc prior to adsorption, Ax is the 
integrated absorbance for the Brønsted (1540 cm-1) or Lewis (1450 cm-1) band, and εx are the 
absorption coefficients (cm µmol-1) which are solved. Once the absorption coefficients for both 
Brønsted and Lewis sites have been solved (separate values determined for each catalyst), 
the coefficients are fed back into equation (3.4), and the individual numbers of Brønsted and 
Lewis sites were determined.  
Transmission FTIR of adsorbed species on the working catalyst and of 
dimethoxymethane and 1,5-hexadiene on fresh catalysts are detailed in chapter 5. They were 
conducted by Dr Vladimir Zholobenko at Keele University and the raw data was analysed by 




3.2.3. Transient studies  
3.2.3.1. Temporal Analysis of Products reactor 
Transient experiments are a powerful tool in determining key mechanistic information 
about elementary steps of a chemical reaction. The requirement, however, is that the duration 
of the transient is essentially longer than the time resolution of the monitoring equipment. The 
temporal analysis of products (TAP) reactor is conventionally used for measuring the evolution 
of short pulses with a sub-millisecond time resolution; a factor that cannot be afforded when 
conducting pulse experiments under atmospheric conditions. The TAP reactor offers a very 
low detection limit and the direct placement of the measuring probe and mass spectrometer 
into the vacuum chamber leads to undiluted shape of transient profiles obtained during 
temperature programmed desorption (TPD), adsorption (TPA), surface reaction (TPSR), step 
response and pulse response experiments.  
Originally developed by John Gleaves and co-workers (10) at Monsanto company in 
1977 using ideas from molecular beam and relaxation methodology, the TAP-1 reactor was 
designed for catalyst characterisation, revelations of “composition-activity” and “structure-
activity” as well as deciphering the mechanisms of chemical reactions such as selective 
oxidation of propylene to acrolein, adsorption and desorption on metal oxides and selective 
oxidation and ammoxidation of methanol (11). The TAP reactor has gone through several 
variations into TAP-2 and TAP-3 models. Recent investigations include toluene oxidation, 
methane partial oxidation and methane dry reforming (10).  TAP experiments can be regarded 
as a connecting link between conventional kinetic experiments with a packed bed of catalyst 
particles performed at atmospheric pressure and molecular beam studies with a catalytically 
active surface conducted under high-vacuum conditions. Although molecular beam 
techniques may provide detailed mechanistic insights into a catalytic reaction by identifying 
desorbing intermediates, it suffers from the small number of collisions between the reactant 
molecules and the catalytic surface, which restricts its application to highly reactive surfaces. 
In contrast, kinetic experiments at atmospheric pressure can be performed with catalysts 
exposing surfaces with low reactivity. Unfortunately, these studies rarely provide information 
about reactive intermediates as the large number of intermolecular collusions in the gas phase 
often reduces their concentration to undetectably small amounts (12).   
The present work made use of the TAP-1 system (Fig. 3.1) stationed at the University 
of Warwick. In the following discussions, the TAP-1 reactor will be referred to as TAP reactor. 
The TAP reactor consists of three chambers in series: the reactor chamber, differential 
chamber and the detector chamber. The reactor chamber consists of a small reactor, 6 mm 
O.D, 4 mm I.D and 40 mm long. Gases are metered through two continuous feed valves or 
two pulse valves into the reactor inlet through a small volume. A gate valve separates the 
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reactor chamber from the differential chamber and allows for sample exchange while vacuum 
is maintained in the reactor. The pressure at the exit of the reactor chamber is maintained at 
10-5 Pa while the pressure at the end of the differential chamber and inlet into the quadrupole 
mass spectrometer (QMS) is at 10-6 and 10-7 Pa respectively. Avoiding interactions and 
reactions with the oxidized steel of the reactor requires special care. Special modifications are 
made such that the catalyst particles are housed in a thin-zone packing configuration in a 
quartz tube which is then inserted in the steel reactor (13). The QMS can be run either in scan 
mode or multiple ion detection (MID) mode. To view the whole spectrum of species (m/z = 1 
– 200) available, the scan mode is used. The MID mode allows the observation of 10 key 
species. In this mode, a spectrum of intensity against time on stream (TOS) is obtained. 
 
 
Fig. 3.1: Schematic diagram of the TAP reactor system. Reproduced from ref. (10) 
 
The TAP method can be used for elucidation of complex catalytic processes such as the 
distinction between parallel, consecutive and multiple reaction pathways through pulse and 
step transients, determination of the nature of the active catalyst during reaction by means of 
transient response studies (temperature-programmed experiments) as well as fundamental 
modelling studies aiming at a mechanistic understanding in terms of microkinetic models (12). 
The transient response experiments in this study have been carried out under 
continuous gas flow at low inlet pressure (< 1000 Pa) over ZSM-5 catalysts in a shallow bed 
packing configuration. Experiments conducted with a continuous gas feed allow the use of 
larger amounts of reactants. Therefore more pronounced changes in the catalyst state occur 
and can be traced by virtue of the high time resolution and comparably low reaction rate under 
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reduced pressure conditions by recording the changes in product spectra as a function of 
reaction time (12). Axial dispersion is negligible for the transient studies as convection is the 
main flow driver and gas expansion into vacuum leads to an increase in flow velocities. 
Conventionally, step response is achieved in the TAP reactor by using high frequency pulses. 
In this thesis, an alternative and novel approach was used that allowed the simultaneous 
switching of the feed stream and the active mixture stream using the continuous flow panel. 
Doing this allows for convective flow over ZSM-5 catalysts arranged in a shallow bed packing 
configuration in the TAP reactor. Nonetheless, the influence of dispersion was investigated.  
The data analysis method detailing the conversion of ion current intensity to molar flow 
by accounting for recursive deconvolution of fragments, sensitivity factors obtained from 
calibrations and signal/noise ratios are detailed in the supplementary section of chapter 5. 
Experiments were conducted and analysed in chapters 4, 5 and 6.  
 
3.2.4. Steady-state studies  
3.2.4.1. Fixed bed reactor set-up and catalyst testing 
Steady-state experiments were conducted by Dr Dmitry Lukyanov. Interpretation and 
modelling of the steady-state data was conducted by the author and detailed in chapter 7.   
 
3.2.5. Steady-state minilith studies 
3.2.5.1. Minilith fabrication 
A different batch of a ZSM-5 (25) purchased from Zeolyst International was used in the 
zeolite fabrication, characterisation and testing studies. The free-flowing powder form (dp,ave = 
60 μm) was mixed with 20 – 50 wt% sodium bentonite (RS minerals Ltd) of free-flowing powder 
form (dp,ave = 60 μm) to form a solid mixture. Distilled water was added to the solid mixture and 
the mixture was mixed manually. The optimum water content varied according to the solid 
binder weight (0.9 to 1.2 times the solid mixture weight). The wet paste was stirred in a high 
shear mixture for 2 min to form a homogenous mixture. In one batch, 10 wt% carbon was 
added to the solid mixture to investigate the influence of mesoporosity on the reaction.  In 
another batch, the water content was varied to study its influence on pore volume, surface 
area and consequently on primary olefin formation. The wet homogenous paste was kneaded 
and extruded manually using a bench mounted press. Kneading was required to remove the 
excess air present in the paste. The minilith extrudates were then dried in a cold room (5°C) 
for a minimum of 24 h. The drying time varied according to solid binder weight. The dried 
minilith extrudates were heated in a kiln (Rohde) at 5 °C min-1 up to 450 °C and held for 0.5 h. 
This temperature was observed to preserve the strength of the zeolitic minilith while 
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maintaining the distribution of acid sites between Brønsted and Lewis acid sites. The 
fabricated extrudates (Table 3.1) were subjected to characterisation by XRD, nitrogen 
physisorption, SEM and TGA. All miniliths were fabricated and tested by the author and 
presented in chapter 8.  











A 50 50 - 121 
B 60 40 - 111 
C 70 30 - 91 
D 80 20 - 91 
A2 50 50 10 137 
B2 60 40 - 82 
 
3.2.5.2. Minilith catalytic testing 
The minilith was placed between two pieces of lightly compressed quartz wool, which 
acted as distributors and housed in a quartz tube. The protonated form of the ZSM-5 minilith 
was obtained by calcination in oxygen at 10 mL min-1 and 5 °C min-1 up to 450 °C. Thereafter 
the ZSM-5 minilith was held at 450 °C for 30 min before being brought down to 370 °C. At the 
start of the reaction, nitrogen was passed through the reactor for 10 min to remove any 
remaining oxygen still present in the bed. Thereafter, nitrogen was bubbled through methanol 
which was suppressed in a saturator (Lauda Eco Silver RE420 S) maintained at 4.2 °C to give 
1.68 vol% of methanol at an inlet reactor pressure of 3 bar. The flow was maintained for 10 
min time-on-stream before samples were taken from the off-gas. The off-gas was insulated at 
110 °C and sampled through an online gas chromatograph equipped with a flame ionisation 
detector and a mass spectrometer. The gas chromatograph was of Shimadzu GC-10 plus 
equipped with an Equity™ – 1 fused silica capillary column with dimensions of 90m × 0.53 mm 
× 3.0µm film thickness and an FID detector. The effluent products were also analysed by an 
OMNISTAR ™ MS.  
 
3.3. Kinetic modelling 
3.3.1. Transient kinetic model  
A transient kinetic model was developed to simulate the TPD and step response data 
obtained in the TAP reactor.  
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3.3.1.1. Development of the structure of the kinetic model 
The mathematical framework for modelling TAP experiments is based on the solution of 
the time-dependent mass, energy, and momentum balance equations with the knowledge of 
the estimated kinetic parameters in the model (e.g. rate constants, which could be further split 
up into the activation energy, E, and the pre-exponential factor A using the Arrhenius law). 
The modelling procedure comprises the following steps (12):  
1. Formulation of the mass, energy, and momentum balance equations using an 
appropriate reactor transport model.  
2. Choosing initial and boundary conditions to describe the underlying experimental 
conditions (e.g. step function experiments, temperature-programmed). 
3. Implementing a model that adequately describes the reaction mechanism and the 
surface chemistry (e.g. mass-action law, Arrhenius law, Langmuir-Hinshelwood 
mechanism, kinetic Monte Carlo simulation).  
4. Performing a calculation for the model based on the reaction conditions. 
5. Optimisation routine (advanced mode, optional).  
 
3.3.1.2. Temperature Programmed Desorption  
A microkinetic model for simulating the temperature programmed desorption profiles 
was developed in collaboration with Professor Andre van Veen at the University of Warwick. 
A transient microkinetic model allowing for the solution of a system of coupled non-linear 
partial differential equations using a PDASAC routine developed by Caracotsios and Stewart 
(14) in the FORTRAN environment was used for the solution of the TPD profiles.  
The TPD profile was simulated using a plug flow reactor model with coupled adsorption, 
desorption and convection. As shown later (see chapter 4), the model allowed for simulation 
and comparison of different desorption behaviours on up to three adsorption sites.  
 
3.3.1.3. Step response 
A transient kinetic model was initially written by the author for a thought experiment. It 
was applied to a simple “Langmuir system” given by: 
𝐴 + ∗ ⟶ 𝐴 ∗                 𝑘𝑎 
 𝐴 ∗ ⟶ 𝐴 + ∗               𝑘𝑑 
For the reaction scheme depicted in chapter 6, the reactor was modelled as a plug flow 












= 𝑘𝑎𝑐𝑖 − 𝑘𝑑𝜃𝑖𝑍                                                                                                                                           (3.6) 
where ka is the adsorption coefficient (m3 mol-1 s-1), ci is the concentration of gas phase 
component, i (mol m-3), 𝑏 is bed porosity; u is the superficial velocity, m s
-1; z is the bed length, 
m; t is time, s; 𝛤𝑡 is the concentration of active sites per unit surface area of catalyst (mol mcat
-
2) and Sv is the catalyst surface area per unit volume (mcat-1), kd is the desorption rate coefficient 
(s-1) and θi is the fractional surface coverage of the adsorbed specie.   
The initial conditions (at t = 0): Ci (z,0) = 0, θiz (z,0) = 0 and boundary conditions (at z=0): 
Ci (0, t) = forcing function f(t). The forcing function was introduced using an “IF, ELSE” 
statement in MATLAB. The plug flow model assumes that adsorbed species do not migrate 
along the axial dimension of the reactor and axial dispersion is negligible.  
Multiplying (3.5) by dv = CSA.dz where CSA is the cross-sectional area, dv is change in 














− Γ𝑡𝑆𝑣(1 − 𝑏) ∙ 𝑑𝑣 ∙ 𝑟𝑖                                                                                                    (3.8) 
Equations 3.6 and 3.8 were used to model the step response of the conversion of 
dimethyl ether to primary olefins over ZSM-5 (25) catalysts in chapter 6. Model construction 
of the transient kinetic model used for the simulation of the step response data was carried 
out by the author.  
 
3.3.1.4. Parameter estimation 
Parameters were estimated by comparing experiment to model by progressively 
changing parameters until a suitable fit was established. In the simulation of temperature 
programmed desorption experiments, a sum of squares error (SSE) was calculated to obtain 
the closeness of fit. Furthermore, sensitivity analysis was carried out to obtain the effect of 
each parameter of desorption molar flow rates. All parameter estimation and optimisation from 
the use of the transient kinetic model was carried out by the author and presented in chapters 
4 and 6.  
 
3.3.2. Steady-state kinetic model  
A steady-state kinetic model was used to simulate the product distribution obtained 




3.3.2.1. Development of the structure of the kinetic model  
During MTH conversion over ZSM-5 catalysts, species up to C10 appear in the product 
mixture. To simplify modelling, the reduction of the number of species was conducted by 
lumping all isomers of the same carbon number into a single component. It has been shown 
previously (15, 16) that such lumping techniques can be used successfully in the design and 
development of industrial processes over ZSM-5 catalysts. For the derivation of the rate 
equations, it is assumed in the steady state model that the rates of hydrocarbon adsorption 
and desorption are much faster than the rates of hydrocarbon transformation such that 
adsorption equilibrium is established. Also, since the lumping methodology has been applied, 
it is further assumed that adsorption constants are independent of the hydrocarbon molecular 
weight. Rate equations are written according to the law of mass action. Then, the rates of 
transformation for each component involved in the reaction step are written and placed in a 
plug flow reactor model. This set of coupled non-linear ordinary differential equations were 
solved using MATLAB (2017 version).  
It is assumed that molar expansion is negligible and that axial dispersion effects are 
minimal. According to Dr Dmitry Lukyanov, who obtained the steady-state experimental data, 
the ratio between the diameter of the reactor to that of catalyst particles (dr/dp) was more than 
50. This is high enough to minimize the effect of channelling at the reactor wall (17-19). 
According to Satterfield (17), axial dispersion of gas-solid reactions is usually not important 
except for high conversions at low flow rates and short catalyst beds. A ratio between the 
length of catalyst bed and particle diameter (L/dp) around or above 50 is usually recommended 
to achieve the plug flow. In the experiments conducted over ZSM-5 powder in chapter 8, this 
ratio was in the range between 66 in accordance to the above recommendation.  
 
3.3.2.2. Steady state fixed bed reactor model 
The design equation for a fixed bed reactor is given as follows:  
𝐹𝐴|𝑧 − 𝐹𝐴|𝑧+∆𝑧 − 𝜂(−𝑅𝐴)𝑠. 𝑚𝑠 =
𝑑𝐶𝐴
𝑑𝑡
Δ𝑉                                                                                                     (3.9)  




Δ𝑉 = 𝐴𝑐∆𝑧 



























                                                                                                (3.10)  




































                                                                                     (3.11)  





= − (−𝑅𝐴)𝑠(1 − 𝜙)𝜌𝑐𝑎𝑡𝑀𝑊𝐴                                                                                                         (3.12)  
where FA = molar flowrate (mol s-1), CA = concentration (mol m-3), ρcat = density of catalyst, Qf 
= volumetric flow rate (m3 s-1), MWA = molecular weight of A, yA = mass fraction (-), φ = bed 
voidage, Ac = flow area (m2), wT = total mass flowrate of the fluid (g s-1).  














Substituting the above equation gives:  
𝑑𝑦𝐴
𝑑𝜏
= −(−𝑅𝐴)𝑠𝑀𝑊𝐴                                                                                                                                   (3.13𝑎)  
Thus, the reactions are substituted in the above equation. This equation is for 
decomposing species. For forming species, the corresponding equation is used:  
𝑑𝑦𝐴
𝑑𝜏
= (𝑅𝐴)𝑠𝑀𝑊𝐴                                                                                                                                          (3.13𝑏)  
The full kinetic scheme is derived and discussed in chapter 7 of this thesis.  
During desorption from porous catalysts in a packed bed, Demmin and Gorte (20, 21) 
identified various parameters for analysing the significance of convective lag, diffusive lag, 
particle concentration gradients, bed concentration gradients, re-adsorption at infinite flow rate 





) must be less than 0.05 for negligible gradients. Here, Q is the volumetric flow rate (cm3 
s-1), 𝜌𝑃 is the particle density (g cm
-3), r is the particle radius (cm), W is the catalyst mass (g), 
Dk is the Knudsen diffusion coefficient.  
Furthermore, for accurate measurement of intrinsic reaction rates, negligible extra-
particle heat and mass transfer and intra-particle heat and mass transport must be observed. 
The following equations give the criterion for measurement of intrinsic reaction rates (22):  







                                                                                                           (3.14)  










) < 0.05                                                   (3.15)  
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c. To neglect intra-particle diffusion limitation: 







) < 0.15                                                                       (3.16) 
 












) < 0.1                                                   (3.17) 
Where Ca is the Carberry number, rv,obs is the observed reaction rate per unit particle volume 
(mol s-1 mp-3), a ‘ is the specific external surface area of the catalyst particle (a’ = 6/dp for 
spherical particles) (m2 m-3), dp is the particle diameter (m), kf is the mass transfer coefficient 
(m s-1), Cb is bulk phase concentration (mol m-3), n is the reaction order (-), ΔHr is the heat of 
reaction (J mol-1), E is the activation energy ( J mol-1), R is the universal gas constant (J mol-1 
K-1), Tb is the bulk phase temperature (K), h is the gas-solid heat transfer coefficient (J m-2 s-1 
K-1), Φ is the Wheeler-Weisz modulus (𝜂𝜙2) with 𝜂 being the effectiveness factor (-) and 𝜙 is 
the Thiele modulus ) 𝜙 = 𝐿/√𝑘𝑣 𝐷𝑒𝑓𝑓⁄   𝑤ℎ𝑒𝑟𝑒 kv is the rate constant per unit volume expressed 
in s-1, L is the characteristic catalyst dimension (L=dp/6 for spherical particles (m), Deff is the 
effective diffusivity in particle (m2 s-1), Cs is the concentration at the external particle surface 
(mol m-3) and λeff is the effective thermal conductivity (J m-1 s-1 K-1).  
 
3.3.2.3. Parameter estimation  
The model allowed for the solution of a system of coupled non-linear ordinary differential 
equations using a stiff ode solver (ode15s) in MATLAB. Kinetic parameters were estimated by 
comparing experimental data to model at 370 °C. Model construction, parameter estimation 
and optimisation were carried out by the author in chapter 7 of this thesis.  
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4. Mechanistic Insights into the Desorption of Methanol 
and Dimethyl Ether over ZSM-5 Catalysts  
The following published work compares the adsorption and desorption of methanol to 
DME in a temporal analysis of products reactor using experimental data obtained from 
temperature programmed desorption experiments and microkinetic simulations. The rationale 
for this work was to identify the source of surface methoxy groups and the key oxygenate 
during the early stages of the MTH reaction. This is an open access publication and the 
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The desorption of methanol and dimethyl ether has been studied over fresh and hydrocarbon-
occluded ZSM-5 catalysts with Si/Al ratios of 25, 36 and 135 using a Temporal Analysis of 
Products (TAP) reactor. The catalysts were characterised by XRD, SEM, N2 physisorption and 
pyridine FT-IR. The crystal size increases with Si/Al ratio from 0.10 to 0.78 µm. The kinetic 
parameters were obtained using the Redhead method and a plug flow reactor model with 
coupled convection, adsorption and desorption steps. ZSM-5 catalysts with Si/Al ratios of 25 
and 36 exhibit three adsorption sites (low, medium, and high temperature sites), while there 
is no difference between medium and high temperature sites at a Si/Al ratio of 135. Molecular 
adsorption on the low temperature site and dissociative adsorption on the medium and high 
temperature sites give a good match between experiment and the plug flow reactor model. 
The DME desorption activation energy was systematically higher than that of methanol. 
Adsorption stoichiometry shows that methanol and DME form clusters onto the binding sites. 
When non-activated re-adsorption is accounted for, a local equilibrium is reached only on the 
low and medium temperature binding sites. No differences were observed, other than in site 
densities, when extracting the kinetic parameters for fresh and hydrocarbon-occluded ZSM-5 
catalysts at full coverage. 
 
Keywords: methanol-to-hydrocarbons, ZSM-5, TPD, DME, methanol, Redhead, Polanyi-
















4.1. Introduction  
Alternative carbon sources such as biomass are vital for the secure and sustainable 
production of fuels and chemicals in the 21st century. Methanol can be produced via syngas 
obtained from such renewable feedstock and transformed into hydrocarbons (MTH) over 
zeolite catalysts (1). ZSM-5 zeolite catalysts, typically used for MTH conversion, have a three-
dimensional (3D) pore structure with 10-membered-ring pores consisting of sinusoidal 
channels (0.51 nm × 0.55 nm) intersecting with straight channels (0.53 nm × 0.56 nm) (2). The 
channel intersections have a critical diameter of 0.9 nm (3). This 3D pore structure is 
responsible for its high selectivity and catalyst stability.  
During the MTH process over ZSM-5 catalysts, methanol initially undergoes a rapid 
equilibration reaction leading to the formation of dimethyl ether (DME) and H2O. Readily 
available oxygenates (methanol and DME) compete for active sites (4). Several pieces of 
theoretical work (5-7) have considered the adsorption energies of initial species over ZSM-5 
catalysts. Density functional theory (DFT) calculations of the adsorption of one methanol 
molecule onto an active site give activation energies in the range of 104–139 kJ mol-1 (5, 8, 
9). Blaszkowski and van Santen (10-12) showed that the simultaneous adsorption and 
activation of two methanol molecules towards the formation of DME and H2O excluding 
surface methoxy group formation is the preferred pathway. However, surface methoxy groups 
have been readily observed with stopped flow NMR studies over ZSM-5 catalysts (13). These 
surface methoxy groups can be formed by the adsorption of methanol or DME. The presence 
or absence of surface methoxy groups, necessary to validate the computational studies, can 
be linked to the dissociative or associative adsorption behaviour of oxygenates respectively.  
During steady state MTH conversion, the operation of a hydrocarbon pool mechanism 
which regulates product distribution over zeolite catalysts is dominant (14, 15). Within this 
hydrocarbon pool framework, two catalytic cycles have been readily distinguished: an alkene 
cycle and an aromatic cycle. Over ZSM-5 catalysts, the transformation of methanol can be 
tuned towards light olefin production (MTO) at high temperatures and low pressures (16-19). 
The underlying chemistry involves chain growth and cracking where larger molecules obtained 
through methylation by surface methoxy groups (CH3+Z-) crack to give a product distribution 
rich in light olefins (20). To obtain a detailed understanding of this reaction mechanism, it is 
important to confirm the origin of these surface methylating species.  
A current lack of knowledge on the primary surface reactant, the source of the surface 
methylating group, has led to the lumping of methanol and DME in previous experimental and 
modelling kinetic studies (20-22). This lumping methodology is fraught in its usage as it eludes 
the fact that both species have different interactions with the sites of the ZSM-5 catalysts and 
avoids mechanistic descriptions necessary for a microkinetic model. Detailed understanding 
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on the adsorption, desorption, and reactivity of initial oxygenates is necessary to provide site-
specific comprehension of the nature and behaviour of ZSM-5 catalysts. 
To verify the source of the methylating species, this paper provides a site-specific 
description of the behaviour of the desorption of methanol and DME. Using a temporal analysis 
of products (TAP) reactor, temperature programmed desorption (TPD) experiments of pre-
adsorbed methanol or DME were carried out over various ZSM-5 samples in a shallow bed 
configuration under close to vacuum conditions. Key parameters such as site densities, pre-
exponential factors and activation energies were obtained using a detailed elementary step 
model i.e. a plug flow reactor model with coupled convection, adsorption and desorption steps, 
which was used to simulate experimental desorption profiles.  
 
4.2. Experimental Section 
All experiments were carried out with 10 mg of ZSM-5 catalysts of different Si/Al ratios 
(25, 36 and 135), here referred to as ZSM-5 (25), ZSM-5 (36) and ZSM5 (135) respectively. 
ZSM-5 (25) was purchased from Zeolyst International while ZSM-5 (36) and ZSM-5 (135) 
catalysts were obtained from BP chemicals. The ammonium form of these zeolites was 
pressed, crushed, and sieved to obtain particle sizes in the range of 250–500 µm. The active 
catalyst was tightly packed between two quartz wool plugs, with the active catalyst zone of 
length 2 mm, in a bed length of 25 mm. In this arrangement, the thin-zone TAP reactor 
configuration was approached. The inert quartz tube used to house the fixed bed, as adapted 
by van Veen and co-workers (23), was placed in the metallic body to suppress adsorption and 
further reaction on the walls as well as provide mechanical stability. Anhydrous DME 
(99.999%) and argon (99.999%) were obtained from CK special gases Ltd. Ultra-high purity 
water-free methanol (99.8%) was purchased from Aldrich.  
The experimental set up allowed for the formation of active H-form of the zeolite catalyst 
by decomposition of the ammonium form under vacuum conditions. Probe molecules (5 vol% 
DME or 5 vol% methanol in Ar) were fed to the TAP system using continuous feeding valves. 
The concentrations of probe molecules were calibrated against signal intensity by passing 
streams of gas in argon over an inert quartz bed catalyst of similar dimensions. From the mass 
spectra data, sensitivity coefficients were obtained and further used to obtain the molar flow 
rates during TPD experiments. Argon was monitored at m/e = 40, CH3OH at m/e = 31, DME 
at m/e = 45, H2O at m/e = 18, CO at m/e = 28, CO2 at m/e = 44, H2 at m/e = 2, CH4 at m/e = 
16, C2H4 at m/e = 27, and C3H6 at m/e = 41. Over ZSM-5 (36) and ZSM-5 (135) only DME or 
methanol was observed individually in the desorption profile. However, over ZSM-5 (25), 
following DME desorption, there was some release of methanol. Subsequent deconvolution 




The zeolite samples were studied by X-ray diffraction (XRD) with a Bruker D5005 
diffractometer using Cu Kα radiation equipped with standard Bragg-Brentano geometry and a 
diffracted beam graphite monochromator. The morphology was characterised using a Carl 
Zeiss sigma series Field Emission Scanning Electron Microscope (FE-SEM) at an accelerated 
voltage of 20 kV. The crystal size distribution was obtained from an image analysis software. 
Nitrogen physisorption studies were carried out on a Micromeritics 2020 unit. The samples 
were degassed by heating to 400 °C under vacuum (10-6 mbar) for 12 h prior to 
measurements.  
 
4.2.2. Acid site density determination  
Zeolite catalyst samples were calcined in air (50 mL min-1) ex-situ at 450 °C for 2 h. The 
catalyst powders were then pressed into self-supporting discs and loaded into a custom-made 
thermogravimetric infrared cell with a CI Precision MK2-M5 LM 2-01 microbalance and a 
Bruker Vertex 70 FTIR spectrometer. The catalyst discs were heated to 215 °C in nitrogen (10 
mL min-1) for 2 h to dehydrate the sample before being cooled to an initial adsorption 
temperature of 100°C where a spectrum was collected. Pyridine was then introduced to the 
samples by the flow of nitrogen gas over a schlenk flask containing pyridine. Sample 
temperature was then raised to 128 oC. Spectra and the total mass due to pyridine adsorption 
were recorded at both temperatures which then permits absorption coefficients for bands due 
to two independent modes of vibration for Lewis and Brønsted bound pyridine to be 
determined. The values of the absorption coefficients then permits the individual numbers of 
Brønsted and Lewis acid sites to be determined (24). Although signal to noise ratio in some 
samples was lower than ideal, determination of molar absorption coefficients using the above 
methodology permitted a cross-check that these were consistent with published values (24)  
and thus a degree of confidence in the values obtained for the densities of the Brønsted and 
Lewis acid sites was afforded. 
 
4.2.3. TPD experiments  
Before the start of each TPD experimental series, the catalysts were pre-heated at 
15 °C min-1 under vacuum conditions up until 450 °C and held for 30 min before subsequently 
cooled down at 25 °C min-1 to room temperature. TPD experiments were carried out firstly by 
pre-adsorbing the pre-treated catalyst with a continuous flow of 5 vol% methanol or 5 vol% 
DME in Ar until saturation. Thereafter, weakly adsorbed species were removed from the 
surface by argon flowing at ca. 10-7 mol s-1. Thereafter, the catalyst was subjected to a linear 
temperature ramp at three different heating rates of (β = 5, 15 or 30 °C min-1) until a final set 
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point of 450 °C. The released gas was analysed using a quadrupole mass spectrometer 
(QMS) operating in a multiple ion detector (MID) mode. The low base pressure (10-7 Pa) in the 
analysis chamber allowed for high detection sensitivity necessary for quantitative analysis. 
The effect of initial coverage of DME (or methanol) was studied separately on ZSM-5 (36) at 
a heating rate of 15°C min-1. The initial coverages were obtained by an integration of 
desorption profile. 
  
4.2.4. Steady state experiments  
The ZSM-5 catalyst was calcined in a 20 mL min-1 flow of 30 vol.% O2/N2 in a fixed bed 
reactor at 450°C and held for 30 min before cooling down at 25°C min-1 to 370 °C. Afterwards, 
the catalyst was subjected to a flow of 1.3 vol% methanol in nitrogen at 10 mL min-1 for 2 h to 
generate the hydrocarbon pool species in the zeolite micropores. The off-gas was analysed 
with an online gas chromatograph (Shimadzu GC-2010) equipped with an Equity-1 column 
(90m × 0.53mm × 3.0µm) and a flame ionization detector followed by a quadrupole mass 
spectrometer. The samples with the hydrocarbon species occluded in the zeolite pores will be 
referred to as “active samples” hereafter.  
4.2.5. Desorption profile model 
Two approaches were used to simulate TPD profiles: (i) the Redhead method (25) and 
(ii) the detailed elementary step model. The desorption profile was firstly deconvoluted and 
analysed using the Redhead method. Originally developed for the desorption of species over 
metal surfaces, the Redhead method gives a quick indication of the nature of the active sites 
as well as the maximum temperatures of desorption, number of binding sites and number of 
molecules adsorbed onto each binding site. However, there are a few limitations as discussed 
in section 4.3.2.3 below. 
To overcome these limitations, the detailed elementary step model was also used as 
described in section 4.3.2.5 using data obtained from the Redhead method as initial guess 
values for estimation of desorption parameters. The model was implemented with a 
FORTRAN code and used to extract desorption parameters (site densities, frequency factors 
and activation energies) over the ZSM-5 catalysts. The code uses a PDASAC routine to solve 
the stiff, nonlinear initial-boundary-value problem obtained from the desorption profiles (26). A 




4.3. Results  
4.3.1. Characterisation 
Catalytic active sites can be present inside the zeolite micropores, the pore mouth, and 
onto the external surface of the crystals (29). Characteristic SEM images of three zeolite 
samples with Si/Al ratio of 25, 36 and 135 are shown in Figure 4.1 with the mean crystal size 
presented in Table 4.1.  
 
(a) ZSM-5 (25) 
 
(b) ZSM-5 (36) 
 
(c) ZSM-5 (135) 
Fig. 4.1: FE-SEM of (a) ZSM-5 (25), (b) ZSM-5 (36) and (c) ZSM-5 (135) catalysts 
The XRD patterns of the three ZSM-5 samples and a reference ZSM-5 patterns are 
shown in Figure 4.2. All three samples are highly crystalline zeolites with the MFI structure. 
The higher intensity of the XRD pattern of ZSM-5 (135) compared to the ZSM-5 (25) and ZSM-
5 (36) shows its higher crystallinity. The lower intensities of ZSM-5 (25) and ZSM-5 (36) are 
probably due to their small crystal sizes which lead to a higher proportion of framework and 





Fig. 4.2: XRD patterns of the ZSM-5 samples and a reference highly crystalline ZSM-5 sample 
(standard) obtained from the database of the International Zeolite Association (30). 
ZSM-5 (25, 36 and 135) catalysts show a distribution of micropores and mesopores (see 
section 4B for isotherms). The BET surface areas and the micropore volumes of the ZSM-5 
samples are given in Table 4.1. 
























ZSM-5 (25) 413 0.154 0.10 ± 0.02 610 496 140 356 
ZSM-5 (36) 410 0.147 0.33 ± 0.05 429 197 80 117 
ZSM-5 (135) 358 0.141 0.78 ± 0.07 116 108 30 78 
* HK = Horvath-Kawazoe micropore volume 
+ = Total acidity based on pyridine adsorption at 100°C 
 
The IR spectra of pyridine adsorbed on the H-form of ZSM-5 (25), ZSM-5 (36) and ZSM-
5 (135) show features due to pyridinium ions formed via the protonation of pyridine on 
Brønsted acid sites as well as molecular pyridine on strong Lewis acid sites (Figure. 4.3). The 
most evident band distinguishing molecular pyridine on strong Lewis acid sites is at 1450 cm-
1 similar to alumina and silica-alumina (31, 32) while pyridinium ions give rise to the 
characteristic band at 1545 cm-1 with both forms of adsorption contributing to the intensity at 
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1490 cm-1 (33). In addition to this qualitative assessment, coupling to a gravimetric balance 
permitted the total acidity to be assessed (Table 1) along with the individual contributions due 
to adsorption on the different acid sites when coupling balance and FTIR data. Total acidity 
follows the trend ZSM-5 (25) > (36) > (135) which is consistent with the trend for nominal 
acidity. The major contribution to base adsorption in all cases was due to uptake by Brønsted 
acid sites (Table 1) with the relative percentages of this mode of adsorption being 72, 59 and 
72% for ZSM-5 (25), (36) and (135), respectively. At 128°C, the relative percentages are 88, 
77% for ZSM-5 (25) and (36) respectively. 
 
Fig. 4.3: FT-IR spectra of ZSM-5 (25), ZSM-5 (36) and ZSM-5 (135) zeolite samples 
(previously activated by outgassing at 450 °C), and then exposed to pyridine vapour at 100°C 






4.3.2. Methanol and DME TPD  
4.3.2.1. Desorption 
The rate of desorption, which describes the desorption profile in the absence of activated 





𝑛 = 𝜃𝑛𝐴𝑑 exp(− 𝐸𝑑 𝑅𝑇⁄ )                                                                                           (4.1) 
Where θ is the surface density of adsorbed molecules (mol m-3), n is the order of 
desorption, T is the temperature (K), Ad is the pre-exponential factor (s-1), Ed is the activation 
energy for desorption (J mol-1). At a constant heating rate, 𝛽 (K min-1) = dT/dt, the rate of 







exp(− 𝐸𝑑 𝑅𝑇⁄ )                                                                                                           (4.2) 
Desorption profiles of methanol to DME over the ZSM-5 (25) catalyst are compared in 
Figure 4.4. Several features are observed. Firstly, the rate of desorption of methanol is higher 
than that of DME, demonstrating that a larger amount of methanol molecules occupies the 
sites and desorbs at any time. Secondly, the DME desorption profile shifts to the higher 
temperatures as compared to that of methanol. This suggests that DME adsorption is much 
stronger. Thirdly, there are several desorption sites as evidenced by the presence of shoulders 
in the desorption profiles. This is a common feature of all TPD profiles over fresh and activated 
ZSM-5 catalysts at full initial coverage.  
 































4.3.2.2. Effect of variation of initial coverage  
The initial coverage of the pre-adsorbed oxygenates onto the fresh ZSM-5 (36) catalyst 
was varied by altering the adsorption duration. The initial coverage was obtained by integration 
of desorption curves and the total number of acid sites as determined from FTIR/microbalance 
data of pyridine adsorption at 128°C. It was observed that oxygenates are adsorbed onto 
different acid sites in the order of decreasing strength, with highest energy sites filling up first. 
Their desorption occurred in the reverse order with the lowest energy sites being emptied first. 
The integration of equation 4.2 at maximum temperature leads to a temperature independence 
of the peak position on initial coverage for a first order desorption process and a temperature 
dependence for a second order desorption process (34, 35). Our results suggest that methanol 
desorption follows a first order kinetics (Figure 4.5a) while DME desorption follows a second 
order kinetics (Figure 4.5b) as the position of the DME desorption peak decreases at higher 
initial coverages. 
The discussion above does not consider the fact that the overall profile can be 
deconvoluted into different individual peaks and each desorption peak can have its own 
desorption kinetics. While the order of desorption kinetics may vary for each site, their 
contributions could still lead to the behaviour exhibited by the overall desorption profile. Also, 
it dismisses the effect of re-adsorption which results in peak broadening of the desorption 
profile. Under vacuum conditions in the TAP reactor, methanol has a maximum saturation 
coverage of 0.43 and DME has a maximum saturation coverage of 0.28. Increasing the dosing 
pressure has been shown to raise the saturation coverage of adsorbents in similar TPD 












































Fig. 4.5: The effect of initial coverage on (a) methanol and (b) DME desorption over fresh 
ZSM-5 (36) catalyst at a heating rate of 15 °C min-1 
 
4.3.2.3. Effect of heating rate 
Redhead (25) proposed a method for desorption profile analysis based on the analysis 
of maximum temperatures. An assumption of the order of desorption must be made first. It is 
well established that the addition of acids to alcohols leads to the formation of a relatively 
stable oxonium salt which could decompose under suitable conditions (37, 38). The same can 
be observed for DME. Here, the products are methanol and methoxy groups (39). This 
behaviour supports dissociative (i.e. second order) adsorption. According to Redhead (25), 
second order desorption is characterised by a surface coverage which is half the initial surface 
coverage at maximum temperature. This is evidenced by fitting symmetrical Gaussian curves 
over the TPD profiles for each site. In this case, a plot of (2lnTp, max – ln β) vs 1/Tp, max gives the 
activation energies of desorption and the desorption rate constant in the absence of re-
adsorption (Tp, max is the temperature of maximum desorption at each site). In this method, 
across heating rates (5, 15 and 30 °C min-1), the width as well as ratio of the areas across site 
were kept constant for each desorbing specie. Starting with an approximation of second order 
desorption where methanol dissociates on the active sites, three desorption sites were 
observed over ZSM-5 (25) and ZSM-5 (36) and two desorption sites over ZSM-5 (135) for both 
methanol and DME. The three desorption sites – sites 1, 2 and 3 – are here referred to as low 
temperature (LT), medium temperature (MT) and high temperature (HT) sites. A 






































Fig. 4.6: Desorption profile of DME from a fresh ZSM-5 (25) catalyst at a heating rate of 15 °C 
min-1 with its fitting to 3 sites using the Redhead method. 
In the absence of re-adsorption, Figure 4.7 gives the desorption activation energy 
obtained with the Redhead method. A common trend can be observed over all ZSM-5 
catalysts studied: the activation energy of desorption of DME is greater than that of methanol 
over fresh ZSM-5 catalysts. For example, an activation energy of DME desorption of 42.0 kJ 
mol-1 is higher compared to 31.6 kJ mol-1 for methanol over ZSM-5 (36). Over activated ZSM-
5 (36) and ZSM-5 (135) catalysts, the activation energy of desorption of DME is greater than 
that of methanol. However, over activated ZSM-5 (25), the activation energy of desorption of 
DME is less than that of methanol. For completion, other parameters (desorption frequency 
factors) for fresh and activated catalysts are given in S4.1 and S4.2 of the supplementary 




Fig. 4.7: A comparison of activation energy of desorption of methanol and DME over fresh 
































































































4.3.2.4. Amount of species adsorbed onto each site  
Further analysis of the desorption profiles was carried out over the zeolite samples to 
obtain the amount of specie accessible to each site. The areas under each Gaussian curve 
give the amount of species adsorbed onto each site. Analysis was carried out on desorption 
profiles obtained at 15 °C min-1 as the ratio of each site was kept constant at all heating rates 
during data analysis. Thus, the results obtained are tenable at 5 °C min-1 and at 30 °C min-1.  
The number of molecules per active sites was derived using nominal acidity (active sites/gram) 
obtained from Si/Al ratios. The total amounts of methanol and DME adsorbed on each site of 
the fresh ZSM-5 catalysts are given in Tables 4.2 and 4.3. 
 
Table 4.2: Adsorption stoichiometry over different adsorption sites onto fresh ZSM-5 
catalysts 
Sample MEOH DME 
 Molecules/
active site 
– LT site  
Molecules/
active site 
– MT site  
Molecules/
active site 
– HT site 
Molecules/
active site 
– LT site 
Molecules/
active site 
– MT site 
Molecules/
active site 
– HT site 
ZSM-5 (25) 2.7 2.5 3.6 0.8 1.3 3.1 
ZSM-5 (36) 3.4 2.8 6.1 0.9 1.3 2.5 
ZSM-5 (135) 2.9 6.9 0 2.3 4.1 0 
 
Table 4.2 shows that more methanol molecules were adsorbed on each adsorbed site 
than DME. A clustering effect has been mentioned previously to account for multiple molecules 
on the adsorption site (40).  
Table 4.3: Adsorption stoichiometry over different adsorption sites onto active ZSM-5 
catalysts 
Sample MEOH DME 
 Molecules/
active site 






– HT site 
Molecules/
active site 
– LT site 
Molecules/
active site 
– MT site 
Molecules/
active site – 
HT site 
ZSM-5 (25) 2.8 2.3 3.9 0.6 1.8 2.3 
ZSM-5 (36) 2.1 2.1 4.1 0.6 1.5 3.3 
ZSM-5 (135) 7.9 11.8 0 2.3 3.3 0 
 
Tables 4.2 and 4.3 show that a lower amount of DME species is adsorbed compared to 
methanol. Given the limited amount of deactivation (Figure 4.8) on the ZSM-5 catalysts after 
2 h on stream, the number of molecules adsorbed per active site is indicative of the occupancy 
of non-deactivating species, possibly the adsorbed hydrocarbon pool, present in the porous 
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network of the zeolite. It can be readily observed that the amount of DME species adsorbed 
stays roughly constant over fresh and activated ZSM-5 catalysts. A similar behaviour exists 
for methanol adsorption over ZSM-5 (25) and ZSM-5 (36). However, a notable difference in 
adsorption amount is observed between fresh and activated ZSM-5 (135) catalysts. 
 
 
Fig. 4.8: Pre-activation of ZSM-5 samples at 370°C, 2 h time on stream (TOS), 10 mL min-1 
of 1.3 vol% methanol in nitrogen. Pressure = 1 bar. 
 
4.3.2.5. Effect of re-adsorption 
A detailed elementary step model that accounts for re-adsorption and desorption was 
used to describe the desorption profiles. The following stoichiometry was used:  
Site 1: 𝐶𝐻3𝑂𝐻 + ∗ ⇌ 𝐶𝐻3𝑂𝐻 ∗  
Site 2: 𝐶𝐻3𝑂𝐻 +  2 ∗ ⇌ 𝐶𝐻3 ∗ +𝑂𝐻 ∗  
Site 3: 𝐶𝐻3𝑂𝐻 +  2 ∗ ⇌  𝐶𝐻3 ∗ +𝑂𝐻 ∗   
𝐶𝐻3𝑂𝐶𝐻3 + ∗ ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∗  
𝐶𝐻3𝑂𝐶𝐻3 +  2 ∗ ⇌ 𝐶𝐻3 ∗ +𝐶𝐻3𝑂 ∗  
𝐶𝐻3𝑂𝐶𝐻3 +  2 ∗ ⇌  𝐶𝐻3 ∗ +𝐶𝐻3𝑂 ∗   
where * denotes an adsorption site.  
Using initial estimates from the Redhead method (25), the model allowed for three 
adsorption sites on ZSM-5 (25) and ZSM-5 (36) and two adsorption sites on ZSM-5 (135). The 
adsorption profiles on three sites over ZSM-5 (25) and ZSM-5 (36) were modelled using a plug 
flow reactor with coupled convection, adsorption and desorption steps (see S4.3 in 
supplementary information). The model was adjusted appropriately for ZSM-5 (135) where 
two desorption sites were observed. A comparison of 5 desorption models (Table 4.4) to 
experimental data was made. The comparison of these models was based on a sum of 




























 → 𝑚𝑖𝑛                                                                                                                         (4.3) 
where Yexpt is the experimental desorption profile and Ymodel is the simulated desorption profile. 
The best description (minimum SSE) allowed for a very good match between dissociative 
adsorption on MT and HT sites and molecular adsorption on the LT sites.  
Table 4.4: A comparison of different models for methanol desorption over ZSM-5 (36) using 
sum of square error. 





























                                               Single site 
E Molecular adsorption 2.485 
 
As shown in Figure 4.7, the Redhead model gives different values of activation energies 
of desorption for fresh and activated ZSM-5 catalysts. With the detailed elementary step 
model, such specificity between fresh and active catalyst was hardly seen albeit in the 
difference in site densities. However, major differences arise between methanol and DME 
desorption. A sample desorption profile is given at a heating rate of 30 °C min-1 (Figure 4.9). 
Activation energies of desorption obtained are presented in Figure 4.10. For completion, other 
parameters (adsorption and desorption frequency factors) for all catalysts studied are given in 









Fig. 4.10: Comparison of the activation energy of desorption of methanol and DME over 
ZSM-5 catalysts derived using the detailed elementary step model 
 
As can be observed above, the activation energies of desorption are higher over ZSM-
5 catalysts when re-adsorption is considered. In all cases, as observed with the Redhead 
method, the activation energies of desorption of DME over the various ZSM-5 catalysts are 
greater than that of methanol.  
Given that the plug flow reactor model with coupled convection, adsorption and 
desorption steps involving molecular adsorption on LT sites and dissociative adsorption on 
MT and HT sites gives the best match to experimental data, the sensitivity coefficients of the 
rate constant of each elementary step were calculated. To assess the sensitivity coefficient, 
each rate constant was multiplied by perturbation factors of 5 or 0.2 while other rate constants 
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the perturbation factor. Subsequently, the sensitivity coefficient was obtained as presented in 




                                                                                                                                                  (4.4) 
where Yp and Yo are the rates with and without perturbation and F is the perturbation factor. 
Figure 4.11 shows the sensitivity coefficients of each parameter.  
 
Fig. 4.11: Sensitivity coefficients for the desorption rates over fresh ZSM-5 (36) at a heating 
rate of 30 °C min-1. k_ads_LT is the rate constant for adsorption over the low temperature site, 
k_des_LT is the rate constant for desorption over the low temperature 
 
4.4. Discussion  
4.4.1. Limiting factors 
The TAP reactor developed by Gleaves and co-workers (42) is conventionally used for 
pulse response experiments due to its sub-millisecond time resolution. Here, it has been 
exploited for TPD experiments as its operation under vacuum is necessary to reduce the 
influence of re-adsorption.  
Two methods have been used to quantify desorption: the Redhead model and the 
detailed elementary step model, both based on a fundamental Polanyi-Wigner desorption 
kinetics. The Redhead model only considers the kinetics of desorption, while the detailed 
elementary step model, based on species balance, also considers possible re-adsorption 
effects and fluid flow through the packed bed.  
Mass transport effects accompanying desorption have been discussed in depth in the 
literature (43-45). As the pressures used were much lower than 1 mbar, external mass transfer 
to the particle is negligible due to low gas densities which allow for the absence of a stagnant 
film around the particle in the TAP reactor. They are suppressed due to negligible 
intramolecular collisions under vacuum conditions (23). Local temperature spikes are 
insignificant due to the very dilute oxygenate mixtures and the presence of fewer molecules 
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in comparison with the thermal mass of the bed. In the absence of reaction, the thin-zone 
configuration of the TAP reactor allows for decoupling of diffusion from desorption with or 
without re-adsorption and eliminates the concentration gradients along the bed (46). In the 
TPD profiles obtained, intra-particle diffusion does not limit the desorption/re-adsorption 
process according to the criteria given in refs. (43, 45, 47). See S4.5 in supplementary 
information. 
The TAP reactor has high detection capabilities due to its low detection limit and offers 
for an unperturbed shape of the desorption profiles caused by a direct placement of the 
measuring probe and mass spectrometer into the detection chamber. It is well known that the 
desorption profile for strongly adsorbing molecules such as methanol can be significantly 
altered by the adsorption phenomena in the conventional mass spectrometer equipment which 
use an inlet capillary tube (48). The removal of extra-particle mass transfer and decrease in 
the contribution of re-adsorption phenomena under vacuum conditions in the TAP reactor 
shows its immense benefit.  
The conventional TAP method of time evolution of short pulses was originally initiated 
to be used to decouple adsorption and desorption of oxygenates (methanol, DME) over ZSM-
5 catalyst following the methodology of Nijhuis and co-workers (49). However, the lack of an 
outlet response of methanol following an inlet short pulse subjected our experimental methods 
to non-conventional methods in TAP of obtaining adsorption and desorption parameters under 
convective flow (see S4.6 in supplementary information). S4.6 shows full uptake of CH3OH 
regardless of temperature during pulse experiments and partial uptake of DME with an 
increasing response with temperature.  
A comparison of experimental data and the detailed elementary step model leads to the 
observation of intrinsic activation energies of desorption. The model considers convection, 
adsorption and desorption parameters. This means adsorption and desorption occur at a 
certain location in the reactor. However, this is not the case in zeolites as adsorption and 
desorption occur in the pore and the released substance can only move towards the free gas 
space once it leaves the pore. In essence, diffusion does not limit adsorption and desorption. 
4.4.2. Comparing Redhead method to the detailed 
elementary step model 
Over the MT and HT sites, both the Redhead method and the detailed elementary step 
model allow for dissociative adsorption (second order desorption). Over the LT sites, while the 
Redhead method allowed for dissociative desorption, molecular desorption was indicative on 
the LT sites with the detailed elementary step model (Figure 4.8). This disagreement between 
both methods was resolved by conducting TPD experiments at different initial coverages over 
the ZSM-5 (36) catalyst.  
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As mentioned previously, experiments conducted at different initial coverages showed 
that molecules fill up the sites in order of decreasing energies and desorb in order of increasing 
energies. At very high coverages, when low energy sites fill up, the temperatures at which 
maximum desorption occurs stay constant with the coverage over the LT site. Moreover, 
alternative models on the LT site assuming second order desorption gave a poor match 
between experiment and model. This provided further confidence in the detailed elementary 
step model showing that desorption is first order on the LT sites and second order on MT and 
HT sites. In the detailed elementary step model, re-adsorption leads to broadening on the LT 
and MT sites. This broadening effect gave an overlap between desorption temperatures in the 
LT and MT sites of ZSM-5 catalyst during methanol and DME desorption allowing for their 
direct comparison. In the TAP reactor, it has been shown that such re-adsorption can hardly 
be neglected over porous catalysts (42). The higher activation energies of desorption obtained 
using the detailed elementary step model is due to re-adsorption effects which the Redhead 
method failed to account for.  
 
4.4.3. Comparing desorption of methanol to DME 
Methanol readily desorbs from the catalyst before DME does. The higher activation 
energy of desorption can also be rationalised through proton-transfer chemisorption occurring 
through localized oxonium ion/framework anion pairs (Scheme 4.1). The binding energies of 
these oxonium ions are related to gas phase proton affinities of the adsorbing species (50). 
The adsorption of methanol leads to the formation of a methoxonium (CH3OH2+) intermediate 
on Brønsted acid sites. On the other hand, the adsorption of DME leads to the formation of a 
dimethyloxonium ion (DMO+) intermediate (39). The higher activation energies of desorption 
of DME compared to methanol over ZSM-5 catalysts suggests that DME has a higher proton 
affinity than methanol over Brønsted acid sites. Here, further dehydration of the oxonium ion 
intermediates formed to surface methoxy groups when heated in the TPD experiment occurs 
with equal propensity due to equal stability of the methoxy group formation with DME or 
methanol adsorption. Also, the probability for DME protonation is about 2 times higher than 
methanol suggesting higher tendencies towards larger activation energies of desorption for 
DME (51).  
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌  𝐶𝐻3𝑂𝐻2
+ + 𝑍− 
𝐶𝐻3𝑂𝐻2
+ + 𝑍−  ⇌  𝐶𝐻3
+ + 𝐻2𝑂 
𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌  (𝐶𝐻3)2𝑂𝐻
+ + 𝑍− 
(𝐶𝐻3)2𝑂𝐻
+ ⇌  𝐶𝐻3
+ + 𝐶𝐻3𝑂𝐻 
Scheme 4.1: Oxygenate dehydration over H-ZSM-5 catalysts 
Higher values of activation energies of desorption of DME than methanol are generally 
in accordance with previous studies (40, 52-55) but in contrast to values obtained by Pope 
(56) through calorimetric methods (Table 4.5).   
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Ed (kJ mol-1) Method Source 
Methanol 36 1 – 2.5 0.39 – 0.97 74 - 107 
Calorimetric (56) 
 2.5 - 16 0.97 – 6.18 47 - 74 
Methanol 15 0 – 6  0 – 1  65 – 85  
TPD (53) 
 6 – 15  1 – 2.5  50 – 65  
DME 36 1 – 2.5  0.39 – 0.97 20 - 94 
Calorimetric (56) 
 2.5 – 10  0.97 – 3.86 20 
Both models show that a higher number of methanol molecules is adsorbed per active 
site compared to DME. Clusters of adsorbed methanol molecules have been proposed in the 
cages of zeolite catalysts (40, 55, 57, 58). Blaszkowski and van Santen(59) observed the end-
on configuration where the hydroxyl groups of the methanol are directed towards the basic 
oxygen of the zeolite as a favourable geometry for methanol adsorption using density 
functional theory (DFT) calculations.  
In summary, more methanol clusters are adsorbed on the zeolite catalyst than DME, 
although it takes lower temperatures to desorb them from the catalyst surface.  
 
4.4.4. Effect of Si/Al ratio on the desorption kinetics in ZSM-
5 catalysts  
With the Redhead method, over fresh catalysts, DME has a higher activation energy of 
desorption than methanol. After catalyst activation during MTH conversion, DME still 
maintains a higher activation energy of desorption over ZSM-5 (36) and ZSM-5 (135). 
However, on the ZSM-5 (25) catalyst, DME has a lower activation energy of desorption 
compared to methanol. Firstly, it is important to state that the data obtained from ZSM-5 (25) 
should be treated cautiously as during TPD experiments of methanol, minor amounts of other 
species were desorbed suggesting a possible interaction between species. 
The high acid site density of ZSM-5 (25) leads to a different product distribution (Figure 
4.12) as compared to ZSM-5 (36) and ZSM-5 (135) catalysts. The product distribution is 
representative of the well-established hydrocarbon pool mechanism which is propagated to 
various proportions due to dissimilar acid densities of the various ZSM-5 catalysts. As shown 
in Figure 4.12, ZSM-5 (25) has a lower selectivity of lower olefins and a higher selectivity of 
aromatics showing a prevalence of the aromatic cycle after 2 h time on stream (TOS). The 
occupancy of sites with prevalent species from the aromatic cycle over ZSM-5 (25) would lead 
to a larger constraint on the mobility of DME than methanol. Site blockage due to a dominant 
aromatic cycle on ZSM-5 (25) means that larger molecules such as DME are easily removed 
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from the zeolite in comparison to methanol.  The occupancy of sites with prevalent olefin 
species on ZSM-5 (36) and (135) leads to a lower constraint on the mobility of DME giving the 
expected behaviour as observed in Figure 4.7. These effects of site occupancy are 
pronounced when adspecies move on the surface of the catalyst. When re-adsorption is 
accounted for as with the plug flow model with coupled convection, adsorption and desorption 









































Fig. 4.12: Hydrocarbon pool distribution over (a) ZSM-5 (25), (b) ZSM-5 (36) and (c) ZSM-5 
(135) catalysts at 370°C, 2 h TOS, 10 mL/min of 1.3 vol% methanol in nitrogen. Pressure = 1 
bar. A6 = Benzene, A7 = Toluene, A8 = Xylene, A9 = TriMB, A10 = TetraMB 
4.4.5. Nature of binding sites 
The desorption behaviour of oxygenates and the zeolite’s pore architecture should be 
considered in understanding the nature of the binding sites. Two desorption sites were 
observed with ZSM-5 (135) and three desorption sites over ZSM-5 (25) and (36). A 
combination of the detailed elementary step model and experimental data showed that 
molecular adsorption occurs on the LT site while dissociative adsorption occurs on the MT 
and HT sites. Furthermore, re-adsorption occurs on the LT and MT sites only (S4.4 in 
supplementary information). The pore architecture shows higher space constraints in the pore 
channels (0.53 nm × 0.56 nm and 0.51 nm × 0.55 nm) than at the pore intersections (0.9 nm).  
The plug flow reactor model accounts for differences between the desorption profiles of 
methanol and DME due to any associated re-adsorption and convective effects. Methanol 
binds weakly to sites in comparison to DME as it has lower activation energy of desorption 
and hence lower adsorption enthalpy. However, re-adsorption is much faster with methanol 
(see S4.4 in supplementary information). This means that methanol can move in the pore 
system without much restriction, but it re-binds very easily such that the recurrent adsorption-
desorption process finally becomes limiting to the motion of the molecule. The higher recurrent 
interaction (re-adsorption) of methanol with the active sites give rise to lower desorption 
energies compared to DME.  
The presence of re-adsorption over the LT and MT sites suggests a local equilibrium 
with the gas phase at these sites. Since the LT site is first order, observed desorption pre-
exponential factors lower than 1013 s-1 suggests that ,the activated complex, just above the 






degree of freedom of the transition state in comparison to the adsorbed state is probably due 
to the clustering effect of oxygenates at each binding state which further hinders free 
movement. Dissociation which occurs in the zeolite pores allows for a higher partial molar 
entropy of the adsorbed oxygenate compared to the gas phase (60). As mentioned previously, 
gases desorb from site in order of increasing energies. As gases move from the HT sites to 
the LT sites, the surface concentration starts to increase leading to increasing probability of 
re-adsorption along the dimensions of the ZSM-5 zeolite.  
Consideration of the adsorption stoichiometry (Table 4.2) shows that the MT and HT 
sites over ZSM-5 (25) and ZSM-5 (36) merge to give a MT site on ZSM-5 (135). In fact, the 
addition of the number of molecules/active site on MT and HT sites on ZSM-5 (25) and (36) 
gives the molecules/active site on MT sites on ZSM-5(135). This nullifies the conception that 
sites disappear over highly siliceous zeolites. TAP reactor data at low coverages show that 
over ZSM-5 (25), sites are relatively populated with active sites distributed within the zeolite. 
On increasing the Si/Al ratio, merging of the sites occurs, leading to isolated sites preferentially 
located on the straight channels of the ZSM-5 catalyst (61).  
In addition, there is high convergence between the percentage of sites from MT and HT 
(69, 72 and 70% for ZSM-5 (25), (36) and (135) respectively) to Brønsted acid site density at 
100 °C (See Table 1 and S4.7 in supplementary information). Thus, this simplified microkinetic 
model along with pyridine FTIR data would suggest the MT and HT sites to be of a Brønsted 
acid nature and the LT site to be of a Lewis acid nature. The agreement between the nature 
of the sites and their desorption behaviour solidifies this relationship. Accessibility to binding 
sites and site density using pyridine FT-IR data is different from oxygenate adsorption. This is 
due to the different molecular kinetic diameters, different temperatures of adsorption and 
different basicity. Clearly, the clustering effect on the ZSM-5 catalyst gives a far higher number 
of molecules adsorbed (as obtained from the detailed elementary step model) compared to 
the density of active sites obtained through pyridine FTIR.  
 
4.5. Conclusions  
The desorption of methanol and dimethyl ether (DME) has been studied over ZSM-5 
catalysts with different Si/Al ratios. Three desorption sites were observed over ZSM-5 
catalysts, while two of them cannot be distinguished in the sample with a Si/Al ratio of 135 and 
were observed as a single peak. Based on the shape of desorption peaks, it can be concluded 
that molecular adsorption takes place on the low temperature binding sites while dissociative 
adsorption occurs on the medium and high temperature binding sites. A comparison of 
pyridine FTIR data and microkinetic modelling suggests the medium and high temperatures 
sites are of Brønsted acid nature due to their dissociative nature. The low temperature sites 
correspond to a Lewis acid nature due to their molecular adsorption properties. For both 
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oxygenates, re-adsorption occurs on the low and medium temperature binding sites but does 
not occur on the high temperature binding sites. Overall, methanol desorbs easily in 
comparison to DME, showing that adsorbed DME is the primary oxygenate and key 
methylating agent in surface reactions during MTH conversion.   
 
4.6. Notes 
All data supporting this study is provided as supplementary information accompanying 
this paper. 
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S4. Supplementary Information 
Mechanistic insights into the desorption of methanol and 
dimethyl ether over ZSM-5 catalysts  
 
S4.1: Kinetic parameters of the LT, MT, and HT sites on fresh ZSM-5 (25), (36) and (135) with 
the Redhead method 
































































































S4.2: Kinetic parameters of the LT, MT, and HT sites on activated ZSM-5 (25), (36) and (135) 
with the Redhead method 









ZSM-5 (25) 3.35 × 106 34.4 1.65 × 108 19.8 
ZSM-5 (36)  1.64 × 107 29.2 1.15 × 106 40.7 
ZSM-5 (135)  1.81 × 108 19.2 6.87 × 107 29.3 
 









ZSM-5 (25) 1.32 × 106 42.7 2.42 × 108 23.7 
ZSM-5 (36)  1.77 × 107 33.4 2.33 × 106 44.6 
ZSM-5 (135)  1.83 × 108 25.3 3.71 × 107 37.2 
 









ZSM-5 (25) 2.27 × 106 46.0 1.74 × 108 29.9 
ZSM-5 (36)  3.25 × 107 35.5 5.95 × 105 57.0 
ZSM-5 (135)      
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where 𝑝𝑖 is the partial pressure of specie i (Pa), t is the desorption time (s), z is the axial length 
of the bed (m),  u is the velocity (m s-1), 𝜂𝑖 is the site density (mol m
-3), Ab is the area of bed 
(m2), 𝜃𝑖 is the coverage of specie i, R is the molar gas constant (J mol
-1 K-1), T is the 
temperature (K), Aads is the adsorption frequency factor (Pa-1 s-1).  
 
S4.4: Kinetic parameters of the LT, MT, and HT sites on ZSM-5 (25), (36) and (135) with the 
plug flow model with coupled convection and adsorption and desorption steps 
 



















6.9 × 10-2 0 9.0 × 1011 91.5 2.51× 10-1 0 6.0 × 1011 95.0 
ZSM-5 
(36)  
6.9 × 10-2 0 9.0 × 1011 92.0 8.9 × 10-2 0 5.0 × 1011 100.0 
ZSM-5 
(135)  
1.35 × 10-1 0 9.0 × 1011 93.5 4.00 × 10-1 0 5.0 × 1011 104.3 
 
 
 Methanol on MT site DME on MT site 


















2.8 × 10-2 0 1.5 × 1010 92.0 2.5 × 10-2 0 1.4 × 1010 103.6 
ZSM-5 
(36)  





0 9.3 × 109 94.4 2.0 × 10-4 0 1.4 × 1010 110.0 
 
 
 Methanol on HT site DME on HT site 


















0 0 1.8 × 1011 112.0 0 0 7.5 ×1010 121.0 
ZSM-
5 (36)  


















S4.5: Parameter values used to compute particle concentration gradients  
Parameter Values 
Pore diameter (dpore) 5.5 × 10-10 m 
Particle density (ρP) 1.1 g cm-3 
Temperature (T) 723 K 
Molar gas constant (R) 8.314 J mol-1 K-1 
Catalyst Mass (W) 0.01 g 
Particle porosity (ϵp) 0.5  
Molar flowrate 10-7 mol s-1 
Volumetric flowrate (Q) 1.20 × 10-1 cm3 s-1 
Particle Radius (r) 0.0015 cm  
Knudsen diffusion coefficient, Dkn (methanol) 0.00228 cm2 s-1 
Particle concentration gradient (methanol) 0.00435 
Knudsen diffusion coefficient, Dkn (DME) 0.00226 cm2 s-1 
Particle concentration gradient (DME) 0.00439 
 




 < 0.05                                                                                                                                             (𝑆4.5.1) 
  
Diffusion in zeolites takes place in the Knudsen diffusion regime or in the configurational 
diffusion regime. Transition from Knudsen diffusion to configurational diffusion depends on the 
properties of the molecules and zeolites. For ZSM-5, this transition may occur for roughly 
spherical molecules when the ratio of molecular diameter to channel diameter, λ, is greater 
than approximately 0.6 – 0.8 (2). Channel diameter in ZSM-5 is ca. 0.55 nm.  
 
Specie Molecular diameter (nm)* Knudsen or configurational? 
Methanol 0.297 0.539, thus Knudsen 
Dimethyl ether  0.313 0.569, thus Knudsen 
 * The molecular diameter was obtained from the Van der Waals “b” constant, the Avogadro 








S4.6: Methanol and DME pulse experiments over hydrocarbon-occluded ZSM-5 (25) 
Pulse experiments were conducted by Prof. Andre C. van Veen at the University of Warwick. 
 
(a) Outlet methanol (m/e=31) pulse response following inlet pulses of 10 vol% CH3OH/Ar 
over ZSM-5 (25) 
 
 
















S4.7: Acid site density determination 
Sample Total acidity^ 
(µmol g-1) 
Amount of Lewis acid 
sites (µmol g-1) 
Amount of Brønsted 
acid sites (µmol g-1) 
ZSM-5 (25) 384 47 337 
ZSM-5 (36) 150 35 115 
ZSM-5 (135)* 108 30 78 
^ = Total acidity based on pyridine adsorption at 128°C 
* = Total acidity based on pyridine adsorption at 100°C 
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4A. Additional studies on the adsorption and desorption of 
methanol and DME  
Further experiments were conducted on the preferential adsorption of methanol and 
DME on ZSM-5 catalysts after publication of initial studies reported in chapter 4.  
 
4.1. Methodology 
A ZSM-5 catalyst with Si/Al ratio of 11.5, obtained from Zeolyst International was used 
in the following temperature programmed adsorption (TPA) experiments. In a first series of 
experiments, ZSM-5 (11.5) was saturated with methanol in a TAP reactor at room 
temperature. Then, the catalyst was purged with argon for 2 h to remove weakly bound 
species. Thereafter, the argon flow was switched to dimethyl ether (DME) which was passed 
through the reactor chamber while the catalyst was heated at 15 K min-1. In a second series 
of experiments, ZSM-5 (11.5) was saturated with DME in a TAP reactor at room temperature. 
Then, the catalyst was purged with argon for 1 h to remove weakly bound species. 
Subsequently, the argon flow was switched to a flow of methanol which was passed through 
the reactor chamber while the catalyst was heated at 15 K min-1. In both experiments, the 
effluent was monitored using the quadrupole mass spectrometer housed in the detector 
chamber of the TAP reactor.  
 
4.2. Results and discussion 
The temperature programmed adsorption (TPA) of DME over adsorbed methanol and 
TPA of methanol over adsorbed DME over ZSM-5 (11.5) catalyst are given in Figs. 4A.1 and 
4A.2 respectively. Fig. 4A.1 shows that DME displaces methanol when it is adsorbed a priori 
on the ZSM-5 catalyst. Water is formed during this process as this displacement occurs over 
a highly reactive zeolite catalyst with a Si/Al ratio of 11.5. The desorption profile of DME is 




Fig. 4A.1: Temperature programmed adsorption of DME over pre-adsorbed methanol  
 
 
Fig. 4A.2: Temperature programmed adsorption of methanol over pre-adsorbed DME 
 
 Conversely, methanol cannot displace DME from the surface of the zeolite catalyst 
when DME is adsorbed a priori. This is shown in Fig. 4A.2 where the desorption profile of 















































































4B. Nitrogen isotherms for ZSM-5 (11.5), (25), (36) and (135) 
used in temperature programmed studies  
 
1. ZSM-5 (11.5) 
 
Fig 4B.1: Nitrogen sorption isotherm for ZSM-5 (11.5) 
 
2. ZSM-5 (25) 
 










































































3. ZSM-5 (36) 
 
 
Fig 4B.3: Nitrogen sorption isotherm for ZSM-5 (36) 
 
4. ZSM-5 (135)  
 
 
Fig 4B.4: Nitrogen sorption isotherm for ZSM-5 (135).  
 













































































5. A Mechanistic Investigation into the Induction Period 
of Dimethyl Ether Conversion to Olefins over ZSM-5 
Catalysts 
In the previous chapter, it was observed that in comparison to methanol, higher 
temperatures are required to desorb DME over ZSM-5 catalysts and that DME is the primary 
source of surface methoxy groups at temperatures relevant to methanol-to-olefins conversion. 
An excellent agreement was obtained between molecular adsorption on low temperature sites 
and dissociative adsorption on medium and high temperatures sites.  
In this chapter, a study on the evolution of DME to primary olefins was conducted by 
combining kinetic data obtained from a temporal analysis of products (TAP) reactor and 
infrared spectroscopy. The TAP reactor is conventionally used for conducting pulse 
experiments. A novel methodology was developed in the TAP using step response 
experiments. Several variants were conducted: single-step, multi-step and consecutive-step 
response experiments to probe the induction period of the conversion of the key oxygenate 

















Fuels and chemicals are increasingly produced from non-conventional carbon feedstock 
due to rising demand, a lack of secure energy resources and a need to reduce carbon footprint. 
Methanol can be obtained from renewable energy resources such as biomass and converted 
to olefins (MTO) over zeolite and zeo-type catalysts. Although the MTO process has been 
recently commercialised (1), the mechanism underlying the formation of the first C-C bond 
and primary olefin(s) remains elusive.   
 The MTO process begins with the equilibration of methanol over fresh ZSM-5 zeolite 
catalysts (2, 3). Methanol and its equilibration products i.e. dimethyl ether (DME) and water 
compete initially for active sites. The first C-C bond is then formed from these initial species 
as the zeolite is transformed from its fresh state to its working state (4-6). The period leading 
up to the establishment of working state conditions is governed by the induction period and 
subsequent transition-regime. Under its working state, steady-state conditions are established 
and it is accepted that a “hydrocarbon pool” mechanism, consisting of an aromatic and an 
olefin cycle, regulates product distribution (7-9). The mechanism or pathway through which 
methanol and/or DME lead to the first C-C bond and primary olefin(s) during the induction 
period is currently debated (4, 5, 7-14).  
Primary olefins are formed either through the direct (12, 15-17) or indirect mechanism 
(7-9, 18) over ZSM-5 catalysts. Many intermediates have been identified for both mechanisms. 
Alkyl-substituted cyclopentenyl carbenium ions are a persistent intermediate closely 
associated with indirect primary olefin formation pathway (19, 20). In particular, 
cyclopentadiene has been observed over SAPO-34 zeotype catalysts (21). Conversely, 
Novakova et al. (22), Liu et al. (14) and Chang et al. (23) provided evidence for 
dimethoxymethane (DMM) as a dominant intermediate in the pathway forming primary olefins 
directly. On silicalite, Liu et al. (14) observed the formation of carbon monoxide, hydrogen, 
methane and formaldehyde from methanol.   
Haw and co-workers studied the induction period over zeolite and zeo-type catalysts in 
a pulse-quench catalytic reactor using 13C MAS NMR spectroscopy (4-6, 19, 24, 25). They 
observed that: (a) the active site during MTO conversion is a composite of well-defined organic 
species and one or more inorganic acid sites, which can activate methanol and hold methyl 
cation equivalents (24) and (b) impurities such as ethanol and acetone control the induction 
period (5, 6, 25). Qi et al. (26) studied the induction period under continuous flow at low 
temperatures (245 – 280 °C) and 1 bar. They showed (26) that the formation of hydrocarbon 
pool species is rate limiting in their proposed three-stage induction period of methanol 
conversion.   
Co-feeding methanol with olefin precursors i.e. ethanol, propanol, hexan-1-ol and 
cyclohexanol (27) or aromatics i.e. benzene, toluene, p-xylene and naphthalene (26, 28) 
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reduces the induction period. These earlier experiments suggested regulation by olefin and 
aromatic cycles respectively. A high zeolite acid site density increases the rate of formation of 
zeolite occluded species and their autocatalytic effect (29). Lee et al. (30) showed that 
catalysts with larger crystals and smaller external surface area exhibit a longer induction 
period due to a smaller number of accessible channels. The response of the induction period 
to impurities and olefin and aromatic precursors is similar to a crystal nucleation process where 
seeding agents alter the rate of agglomeration and duration of crystal formation (31-33). 
Several pulses were injected and the catalyst was studied as it changed, intermittently, 
from its fresh to working state during experiments conducted by Haw and co-workers (4, 5). 
Alternatively, the evolution of products from the zeolite as it changes from its fresh to working 
state can be studied using step response experiments. The step response method bridges the 
intermittent data obtained during pulse experiments and steady-state data obtained over a 
fully working catalyst. This methodology is particularly relevant as methanol adsorbs easily 
onto the zeolite catalyst using pulses (34).  
Temkin (35) distinguished two types of relaxation onto steady-state: (a) intrinsic 
relaxation, which is caused by the mechanism of the reaction itself, and (b) extrinsic relaxation, 
which is caused by modifications of the mechanism as a result of sub-surface chemistry. 
During the evolution from fresh to working state, intrinsic and extrinsic relaxation can be readily 
distinguished (35, 36). Kobayashi et al. (37-39) described various shapes and mechanisms 
underlying specie relaxation onto steady-state such as: (1) the S-shaped profile where 
effluents form with an induction period, (2) overshoot profile where effluents initially exceed 
steady-state values and, (3) monotonic profiles where effluents begin to form immediately and 
rise onto steady-state.  
It was recently shown that higher temperatures are required to desorb DME in 
comparison to methanol from ZSM-5 catalysts (34). This has been further observed by Liu et 
al. (14) and Wei et al. (40) suggesting that DME remains on the zeolite for a longer period. 
Consequently, in this study, the roles of the direct and indirect mechanism towards primary 
olefin formation from DME using spectroscopically proven and dominant intermediates were 
investigated. DMM was chosen as the precursor of the direct mechanism and 1,5-hexadiene 
as a cylcopentadiene precursor for the indirect mechanism. Carbenium ion chemistry (41, 42) 
show how dienes accept protons to first form reactive carbenium ions. Cyclisation later occurs 
as the non-carbocationic unsaturated double bond attacks the postive cationic charge center 
closing the ring and resulting in alkylcyclopenta carbenium ions which form over ZSM-5 
catalysts (43, 44). In this way, 1,5-hexadiene is justified as a precursor for cyclopentadiene. 
Furthermore, the influence of methanol decomposition products (carbon monoxide and 




5.2. Experimental  
5.2.1. Materials 
Fresh NH4-ZSM-5 catalysts with Si/Al ratios of 11.5 and 25, referred to as ZSM-5 (11.5) 
and ZSM-5 (25) respectively, were purchased from Zeolyst International. The ammonium form 
of the zeolite was pressed, crushed, and sieved to obtain particle sizes in the range of 250 – 
500 µm. Anhydrous DME (99.999%) and argon (99.999%) were purchased from CK Special 
Gases Ltd. Experiments were conducted in a transient reactor suited for the temporal analysis 
of products (TAP). The TAP consists of three chambers in series: (a) the reactor chamber, (b) 
the differential chamber and (c) detector chamber. Further details on the TAP reactor can be 
found in section S5.1 of the supplementary information.  
The response of the quadrupole mass spectrometer (QMS), placed in the detector 
chamber, was calibrated by passing continuous streams of various gases (methanol, DME, 
propylene, etc.) in argon over an inert quartz bed with particle diameters between 355 – 500 
µm. The QMS was operated either in a scan mode monitoring species up to an m/z ratio of 
150 or in a multiple ion detection (MID) mode monitoring a maximum of 10 products 
simultaneously. The low base pressure (10-7 Pa) in the detector chamber allows for high 
detection sensitivity necessary for quantitative analysis. The inert quartz bed used for 
calibration had the same length as the catalyst bed. The time required to reach steady-state 
or to drop from steady-state was fastest over the inert quartz bed (see section S5.2 in 
supplementary information). The normalised step function of DME over the quartz bed in Fig. 
S5.2 was used to estimate a residence time of 45 s in the TAP reactor at 450 °C.  
 
5.2.2. Characterisation 
ZSM-5 (25) was used for the step response experiments whereas ZSM-5 (11.5) catalyst 
was used for transmission IR studies to increase loading of hydrocarbon species.  
The ZSM-5 (25) catalyst has a crystal size of 0.10 ± 0.02 μm,  an apparent (Rouquerol-
adjusted) BET surface area (45) of 413 m2 g-1, 428 μmol g-1 of Brønsted acid sites (BAS), 35 
μmol g-1 of Lewis acid sites (LAS) and a BAS/LAS ratio of 12.2. NH4-ZSM-5 (25) loses 4.2 
wt% of its initial mass under dry air heating in a thermogravimetric analyser (TGA) at 5 °C min-
1 up until 600 °C.  
ZSM-5 (11.5) catalyst is highly crystalline and of roughly equal crystallite site as ZSM-5 
(25). ZSM-5 (11.5) has an apparent BET surface area (45) of 403 m2 g-1,1120 μmol g-1 of BAS, 
30 μmol g-1 of LAS and a BAS/LAS ratio of 38. NH4-ZSM-5 (11.5) loses 10 wt% of its initial 
mass under dry air heating in the TGA at 5 °C min-1 up until 600 °C.  
Further characterisation details (XRD, SEM images, TGA) can be found in section S5.3 
of the supplementary information.  
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5.2.3. Transient study  
5.2.3.1. Methodology 
10 mg of NH4-ZSM-5 (25) catalyst was initially decomposed in the TAP reactor chamber 
by heating it at 10 °C min-1 up to 450 °C, holding for 30 min before bringing the sample to a 
reaction temperature between 300 and 450 °C. Background signal intensities were obtained. 
The catalyst was then subjected to a steady flow of argon at 10-8 mol s-1. Afterwards, the flow 
was instantaneously switched to a feed of 5 vol% DME in argon (step-up) at a flow rate of 4.4 
× 10-8 mol s-1. During steady-state, the inlet DME feed was then switched to a flow of argon 
(stopped-flow). Thus, a single step response cycle consists of three phases: step-up, steady-
state and stopped-flow. Two further series of step response experiments were performed at 
300 °C with different feeds: (a) 5vol% DME, 0.33 vol% CO (balance argon) and (b) 5 vol% 
DME, 0.33 vol% hydrogen (balance argon).  
The experiments were initially conducted in order of decreasing temperature such that 
a catalyst history effect occurs with a DME feed. However, at lower temperatures (300 and 
330 °C), experiments were repeated over fresh catalysts and temperature programmed 
desorption was carried out in-between such that such catalyst history effect was eliminated.  
The experiments with DME/CO and DME/H2 feed were carried out over fresh catalysts with 
temperature programmed desorption in-between such that they are comparable to step 
response cycles of the DME only feed at 300 °C.   
 
5.2.3.2. Step response study 
First, the full range of gaseous species was analysed when the ZSM-5 (25) catalyst 
reached its working state at the reaction temperature. Next, single and multi-step response 
cycles of 5 vol% DME (balance argon) were introduced separately over ZSM-5 (25) catalysts 
while the effluent was monitored with QMS.  
Flow rates of the inert feed were similar to step response feed and were 10-8 mol s-1, 
with an inlet pressure below 1000 Pa (46). The active catalyst bed length was short (2 mm) 
compared to the overall bed length of 25 mm (consisting of quartz wool/quartz beads/catalyst 
bed/quartz beads/quartz wool). This thin-zone configuration removes concentration gradients 
along the bed while achieving high conversions (47). The level of non-uniformity in a thin-zone 
TAP reactor is lower than 20% for conversions up to 75% and only becomes significant for 
conversions above 80% (48) when pulses are used. In our study, for the first time, we 
subjected the thin-zone packing configuration to convective flow in the TAP reactor.    
Throughout all step response experiments, the temperature and the pressure were 
constant and the experiments were repeated to check for reproducibility. The raw data (QMS 
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ion currents) were corrected for background levels and fragmentation contributions for the 
different molecules and sensitivity factors (see S5.4 in the supplementary information).  
Estimation of the induction times and autocatalytic rates are described using methods 
stated in section 5.3. Steady-state DME conversion was calculated using equation 5.1 below:  
XDME =  
2ṅDME,i−(ṅMeOH,e+2ṅDME,e)
2ṅDME,i
                                                                                                               (5.1)                                                                                                             
where 𝑋𝐷𝑀𝐸  is the conversion of DME, ṅDME,i is the molar feed flowrate of DME, ṅMeOH,e is the 
effluent molar flowrate of methanol and ṅDME,e is the effluent molar flowrate of DME.  
 
5.2.4. In-situ zeolite characterisation 
Temperature programmed desorption (TPD) was carried out in two instances. Firstly, 
TPD was carried out after step response experiments by supplying argon at similar flow rates 
to the DME feed for 20 min to remove weakly adsorbed species from the ZSM-5 (25) catalyst 
and subjecting the zeolite to a linear temperature ramp at 15 °C min-1. This TPD profile is 
referred to TPD-SR. Analysis of the TPD-SR profiles for estimation of maximum temperatures 
of desorption and activation energies of desorption was carried out using the microkinetic 
model described in chapter 4 (34). Secondly, TPD was conducted for DMM or 1,5-hexadiene 
over fresh ZSM-5 (25) catalysts. The ZSM-5 catalyst was saturated with the specie, purged 
with argon and subjected to a linear temperature ramp at 15 °C min-1. These TPD profiles are 
referred to as TPD-IND.  
Test TPD experiments were conducted on some samples after they were subjected to 
step response cycles. No major detectable species were observed (within the detection 
capabilities of the QMS under MID mode) below the step response temperatures.  
 
5.2.5. Ex-situ zeolite characterisation 
5.2.5.1. Sample preparation 
Fresh NH4-ZSM-5 (11.5) catalysts were decomposed under vacuum conditions at 
15 °C min-1 up to 450 °C and held for 30 min and brought down to 370 °C. A step response of 
5 vol% DME was passed over ZSM-5 (11.5) catalysts. A first series of experiments involved a 
minimum of two cycles of a step response of 5 vol% DME followed by cooling in argon. This 
sample is called sample A. Sample B was obtained after 10 min of introducing a step response 
of 5 vol% DME over ZSM-5 (11.5). It was observed that at 10 min, with ca. 150 mg of ZSM-5 
catalyst at 370 °C, the zeolite was effectively in its induction period (See Fig. S5.5 in 
supplementary information). Sample C was obtained after decomposing the ammonium form 
of the zeolite in the TAP reactor. Sample D was the initial ammonium form of the ZSM-5 (11.5) 
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catalyst. These extracted samples were characterised by FTIR spectroscopy as described in 
section 5.2.5.2 below. 
  
5.2.5.2. FTIR study 
FTIR studies were carried out in the following instances: (1) over samples A, B, C and 
D described in section 5.2.5.1 activated at temperatures between 250 and 450 °C; (2) pyridine 
adsorbed on sample D and (3) DMM or 1,5-hexadiene adsorbed on sample D.   
Prior to the separate pyridine, DMM or 1,5-hexadiene FTIR studies, the ZSM-5 catalyst 
was pressed into self-supporting discs (~9-12 mg, 13 mm in diameter) and pre-treated in an 
in-situ IR cell at 450 °C under vacuum (10-3
 
Pa) for 5 h. The adsorption experiments with 
different probe molecules were monitored by Thermo
 
Nicolet iS10 FTIR spectrometer 
equipped with a deuterated triglycine sulfate detector at a spectral resolution of 4 cm-1
 
collecting 64 scans. An excess of probe molecules (pyridine, 1,5-hexadiene and DMM) was 
admitted by injection of 2.0 μL liquid into the IR cell. Physisorbed molecules were subsequently 
removed by evacuation at the adsorption temperature. Adsorption of 1,5-hexadiene and DMM 
were performed at room temperature while pyridine (Acros Organics, 99.5%) was adsorbed 
at 150 °C. Desorption profiles were obtained by evacuating the sample at increasing 
temperatures in 50 °C steps for pyridine and 100 °C steps for DMM and 1,5-hexadiene. The 
obtained spectra were analysed (including integration, subtraction and determination of peak 
positions) using the OMNIC 9 software. All the spectra presented in this work were normalised 
to 10 mg sample mass. 
 
5.3. Results  
As the QMS used in the TAP reactor is limited to monitoring 10 gaseous species 
simultaneously in the MID mode, it was important to establish the full range of gaseous species 
using the scan mode. No substantial gaseous products greater than an m/z ratio of 46 was 
observed as shown in Fig. S5.6 in the supplementary information. Butene, monitored at an 
m/z of 56 (49, 50) was minute and hardly distinguishable from the background signal at 
300 °C.   
 
5.3.1. Step response study 
 Dewaele et al. (49) conducted the first TAP reactor studies during MTO conversion and 
observed formaldehyde and methane to be primary products formed at low conversions and 
temperature. In their work, a step response was generated by pulsing at high frequencies. 
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This work has focused on obtaining a step response by using the continuous flow panel of the 
TAP reactor under close to vacuum conditions.  
In this study, major species such as methanol, DME, water, ethylene and propylene 
were focused on. Blank experiments were carried out with 5 vol% DME over quartz 
wool/quartz beads/quartz wool system to ascertain that no reaction was obtained with the inert 
bed (see Fig. S5.2). The scan mode of the QMS (Fig. S5.6 in supplementary information) was 
used to obtain the full spectrum of products over the working catalyst. At 300 °C, products 
observed at m/z ratio of 46 and higher were minute. Moreover, low pressures at which the 
TAP study was conducted allow for conditions under which light olefin production is separated 
from their oligomerisation to higher olefins (49, 51). These three reasons give confidence that 
the major gaseous products can be limited to methanol, DME, water, ethylene and propylene.   
Fig. 5.1 shows the results of the step response experiment with 5 vol% DME at 300 °C. 
Ethylene effluent is negligible while propylene effluent exhibits an S-shaped profile.  A 43.5 
min induction period in the steady-state flow of propylene effluent is observed in the first cycle. 
In the first cycle, methanol effluent displays a slight overshoot while water effluent displays a 
significant overshoot. DME effluent rises in two stages: first rapidly and then slowly onto its 
steady-state value. Water has a non-negligible induction period signifying that it is formed 
during the reaction and not desorbed from the reactor walls. The m/z ratio of 18 (see Table 
S5.4) used to identify water has no contribution from any other hydrocarbons in our analysis 
in accordance with the previous TAP study of Dewaele et al (49). Thermogravimetric analysis 
(TGA) of the NH4-ZSM-5 (25) catalyst shows that it loses 4.2% of its initial mass at 600 °C. 
About 4% of its initial mass is lost at 450 °C indicating little loss of zeolite mass due to drying 
or decomposition of the zeolite above 450 °C. The low selectivity to ethylene at low 
temperatures has been observed previously by Dewaele et al. (49).  
After steady molar flowrates of all effluent species were achieved at 300 °C, the catalyst 
was purged by a flow of argon for 20 min (i.e. after 80 min time on stream in Fig. 5.1). 
Subsequently, a second step response cycle of 5 vol% DME was passed over the ZSM-5 
catalyst at ca. 100 min. The initial induction time of propylene effluent observed in the first step 
response cycle was eliminated on subsequent step response cycles. The steady flow of 
propylene effluent, which follows an S-shaped profile, shows that no deactivation of the 
catalyst had occurred over the timescale of this experiment at 300 °C. Also, there is no 
overshoot in the water effluent on subsequent step response cycles. The DME effluent rises 
immediately in the second and subsequent cycles in comparison to its slower pace in the first 




Fig. 5.1: Step response of 5 vol% DME at 300 °C over 10 mg of ZSM-5 (25) catalysts. Total 




Fig. 5.2: Step response of 5 vol% DME at 330 °C over 10 mg ZSM-5 (25) catalysts. Total 





At low temperatures (300, 330 °C), both methanol and water effluents display an 
overshoot profile with propylene effluent being the dominant olefin and exhibiting an S-shaped 
profile (Fig. 1 and Fig. 5.2). However, at 450 °C, methanol and water effluents both portray a 
monotonic profile while both ethylene and propylene are observed and exhibit S-shaped 
profiles (Fig. 5.3). The ethylene and propylene S-shaped effluent profiles suggest they form 
through a common intermediate (49). The drop in induction time of propylene profiles with 
temperature can be observed in Fig. 5.4.  
 
Fig. 5.3: Step response of 5 vol% DME at 450 °C over 10 mg ZSM-5 (25) catalysts. Total 





Fig. 5.4: Propylene effluent formation during step response of 5 vol% DME (balance Ar) at 
temperatures between 300 and 450 °C over ZSM-5 (25) catalysts. Total molar flow rate at 
STP (5 vol% DME, balance Ar) = 4.4 × 10-8 mol s-1. *There is an added catalyst history effect 
for step response cycles at 370 and 450 °C.  
 
To obtain phenomenological descriptions, the induction times of propylene formation 
was estimated by fitting its profile with a logistic (sigmoidal) function (52)  using equations 5.2 
and 5.3 while methanol and water were both fitted to a BiHill function (equation 5.4) and the 
DME profile was fitted to a Hill function (equation 5.5). The logistic (sigmoidal), BiHill and Hill 
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where I(t) is the intensity at time t, Imax is the maximum intensity at the plateau phase of the S-
shaped profile, tm is the inflection time at which the growth rate reaches its maximum and k is 
the apparent rate constant for the growth phase. The overshoot effluent profiles of methanol 
(slight) and water (strong) can be described by: (1) constants that describes the period 
required to reach maximum overshoot value (Ha) or fall from the overshoot value (Hi) and (2) 
constants that describe the rate at which it reaches the overshoot value (ka) and fall from the 
overshoot value (ki). The various functions (sigmoidal (logistic), BiHill and Hill) were fitted to 
the experimental data using the Origin 2018b 64bit program.  
The parameters from the phenomenological description can also be used to assess the 
relative contributions of carbon monoxide or hydrogen to the induction period during dimethyl 
ether conversion to olefins (Fig. 5.5). The quantification analysis described in S5.4 is not 
amenable to step response cycles where more than one active feed is involved. Nonetheless, 
normalised curves of the step response cycles in Fig. 5.5 were subjected to phenomenological 





Fig. 5.5: Above - Step response of 5 vol% DME/0.33 vol% carbon monoxide (balance argon) 
and below - 5vol% DME/0.33 vol% hydrogen (balance argon) at 300 °C over 10mg ZSM-5 
(25) catalysts. Total molar flow rate at STP (5 vol% DME, balance Ar) = 4.4 × 10-8 mol s-1. 
 
The S-shaped profile of propylene effluent can be described by an induction time, 
growth constant and the steady-state effluent flowrate. At 300 °C with a DME feed, a 43.5 min 
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induction time was observed before steady-state effluent flow of propylene is observed over 
ZSM-5 (25) catalysts. On addition of carbon monoxide or hydrogen, this induction time is 
reduced by ca. 54% and 34% respectively. The growth rate of the transition-regime is 
increased with carbon monoxide (79%) and hydrogen (24%) as shown in table 5.1.  
While the S-shaped profile of propylene can be separated into three stages as stated 
above, the conversion of DME offers more resolution and can be separated into five stages 
(Fig. S5.7). Each of these stages represent regions where the rate of change of the molar 
flowrate with time on stream (TOS) exhibits a major different gradient. The five stages of the 
DME effluent all follow an S-shaped curve typical of autocatalytic reactions (54, 55). The initial 
four phases (a, b, c and d) of the profiles of DME all accumulate into the induction phase (ai) 
of the S-shaped propylene profile (Fig. S5.7) establishing a relationship. Thus, the S-shaped 
of the propylene profile maintains its integrated induction stage (ai), growth stage (bi) and 
plateau stage (ci).   
Tables 5.1 – 5.3 give phenomenological constants describing propylene, water, 
methanol and DME profiles.  
Table 5.1: Induction times and growth rates of the S-shaped propylene profile at 300 °C over 




DME DME/CO DME/H2 
k (min-1) 0.34 0.61 0.42 
tind (min) 43.5 19.9 28.6 
 
Table 5.2: Phenomenological constants describing water and methanol profiles at 300 °C over 
ZSM-5 (25) catalysts 
 
Water profile  Methanol profile 
 
DME DME/CO DME/H2 DME DME/CO DME/H2 
ka 4.53 3.25 4.65 4.86 3.66 5.10 
ki 15.0 11.6 13.9 41.9 14.77 28.8 
Ha 5.57 7.07 6.92 4.62 5.37 5.89 
Hi 0.94 0.89 0.74 0.56 0.27 0.23 
 





DME DME/CO DME/H2 
km 5.63 3.24 4.71 
n 1.12 1.50 1.26 
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5.3.2. Nature of occluded species using TPD of ZSM-5 (25)  
TPD of the ZSM-5 (25) catalyst was conducted after being subjected to multiple step 
response cycles at 300 °C (Fig. 5.1). At the end of the third step response cycle (stopped-
flow), the ZSM-5 catalyst was heated from 300 to 470 °C at 15 °C min-1 (Fig. 5.6).  The 
response was calculated as R =
Ii−Ibl
IAr




where Ii is the ion current intensity at a specified m/z ratio, Ibl is the background intensity, IAr is 
the ion current intensity for argon and Rmax is the maximum response value.  
Fig. 5.6 shows that species are occluded in the porous ZSM-5 catalyst during step 
response experiments. The heating rate at 15 °C min-1 gives an adequate temperature 
resolution while maintaining a high signal to noise ratio. Careful examination of Fig. 5.6 shows 
two groups of occluded species: (a) m/z ratio of 29, 31, 41 and 45 and (b) m/z ratio of 16, 18 
and 91. These two groups can be distinguished based on their maximum temperatures and 
activation energies of desorption. Using m/z ratio of 41 as a proxy for the first group and m/z 
ratio of 91 for the second group, activation energies of desorption of 100 kJ mol-1 and 115 kJ 
mol-1 are obtained for maximum temperatures of desorption of 400 °C and 460 °C, respectively 
using simulations from a microkinetic model described in chapter 4 (34). These two groups 
could be representative of major components of the olefin and the aromatic cycle. 
 
 
Fig. 5.6: TPD of the working ZSM-5 (25) catalyst from 300 °C to 470 °C at 15 °C min-1 after a 
step response of 5 vol% DME at 300 °C. 
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The mass, carbon, hydrogen and oxygen balances show an accumulation of 17.8, 22.5, 
18.5 and 10.4% respectively (See section S5.9) at 300 °C, based on 5 key species. Although 
Fig. S5.6 shows that no species heavier than m/z = 46 is present in the gas phase, the TPD 
profiles in Fig. 5.6 show that heavier products up until m/z = 91 are occluded in the 
hydrocarbon-occluded catalyst highlighting product selectivity. The TPD profile of the 
hydrocarbon-occluded ZSM-5 catalyst was then compared to the individual TPD profiles of 
DMM and 1,5-hexadiene on fresh ZSM-5.  
 
5.3.3. TPD-IND over ZSM-5 (25) catalysts: DMM and 1,5-
hexadiene 
Desorption profiles for DMM and 1,5-hexadiene were obtained over ZSM-5 (25) 
catalysts. DMM shows reactive decomposition under vacuum at 15 °C min-1 (Fig. S5.8a) while 
1,5-hexadiene undergoes desorption at low temperatures (< 200 °C) and at higher 
temperatures between 250 and 450 °C (Fig. S5.8b). The desorption profiles for DMM and 1,5-
hexadiene show that they either exist on the surface of the catalyst (1,5-hexadiene) or 
products of their dissociation (in the case of DMM) are present on the surface of the catalyst 
at the step response temperatures.   
 
5.3.4. FTIR study of ZSM-5 (11.5) catalysts 
FTIR experiments were carried out over ZSM-5 (11.5) catalyst with increased 
hydrocarbon loading. Fig. S5.10 gives IR of the ZSM-5 (11.5) catalyst and the pyridine IR 
study. FTIR spectrum of sample D which is the ammonium form of ZSM-5 (11.5) shows two 
major peaks (Fig. S5.10a): (1) 3744 cm-1 with a shoulder at 3735 cm-1 which are attributed to 
external and internal silanol groups (Si-OH), respectively and (2) 3610 cm-1 which is assigned 
to acidic bridging Si-OH-Al groups (56). The interaction and full accessibility of pyridine with 
sample D results in the complete disappearance of the band at 3610 cm-1 corresponding to 
bridging Si-OH-Al groups and a decrease in intensity of the band assigned to Si-OH groups. 
In the range of 1400 – 1700 cm-1 (Fig. S5.10b), chemisorbed pyridine is revealed with the two 
pyridinium ion bands at 1546 cm-1 and 1637 cm-1 (57), two bands assigned to pyridine 
coordinated to Lewis acid sites at 1455 cm-1 and 1622 cm-1 (56, 58) and the superposition of 
signals of Lewis and Brønsted acid sites at 1490 cm-1 (57). 
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Fig. 5.7: (a) Infrared spectra of sample B and C activated at 300 °C. Sample C is the TAP-
decomposed ZSM-5 zeolite while sample B is sample C subjected to 10 min of a step response 
cycle of 5 vol% DME at 370 °C, (b) Infrared spectra of sample A and B activated at 350 °C; 
(c) Difference spectrum of sample A activated at 350 °C minus sample B activated at 350 °C.  
Sample A is sample C subjected to multiple step response cycles of 5 vol% DME at 370 °C 
while sample B is sample C subjected to 10 min of a step response cycle of 5 vol% DME at 
370 °C. 
 
Fig. 5.7a shows that at very short time on stream, only the 1470 cm-1 can be readily 
distinguished. This corresponds to the beginning of the induction period and could be 
associated with the formation of the first C-C bond. Fig. 5.7b compares spectrum of samples 
A and B activated at 350 °C. The difference spectrum (Fig. 5.7c) shows the growth of major 
adsorbed species at 1483 and 1470 cm-1. A decrease in intensity of bridging Si-OH-Al groups 
is observed. The band at 1620 cm-1 is due to OH deformation vibrations probably due to 
methanol (59). The appearance of a 1470 cm-1 band with a 1480 cm-1 shoulder has been 
previously attributed to alkenyl carbenium ion adsorption over ZSM-5 catalysts which could 
be attributed to the adsorption of methanol, propylene or butadiene (60). These bands are all 
persistent up until 450 °C as shown in Fig. S10c and are in accordance with the desorption 
profiles shown in Fig. 5.6. The 2900 and 2440 cm-1 bands refer to antisymmetric and 
symmetric stretching OH vibrations of protonated methanol molecules (59). As shown in ref. 
(34) and section 5.3.5, methanol desorbs at lower temperatures and propylene desorbs at 
temperatures lower than 350 °C (61). Thus, the adsorbed specie could be a diene as its 
conversion is also followed by the formation of alkenyl cations on ZSM-5 catalysts (60). The 
difference spectrum of sample A and B activated at 350 °C corresponds to the difference 
between the start of the induction period and a fully established working catalyst. The data 
suggest that dienes could be prominent in this region.  

























TPD-IND shows that components of dissociated dienes and DMM could be involved in 
the induction period (Fig. S5.8). Literature provides evidence for both compounds as 
intermediates during the induction period (13, 14, 22, 23). Further investigations on the IR 































Fig. 5.8: (a) Infrared spectra of sample D after activating at 450 °C before and after adsorption 
of 1,5-hexadiene at 370 °C; (b) Infrared spectra of sample D after activating at 450 °C and 
sample D adsorbed with DMM at 370 °C; (c) Difference spectra between sample D adsorbed 
with 1,5-hexadiene and pure sample D at 370 °C and between sample D adsorbed with DMM 
and pure sample D at 370 °C. Sample D is the ammonium-form of ZSM-5 (11.5).  
 
 











































































Fig. 5.8 shows the infrared spectra of sample D after heating at 450 °C and sample D 
with adsorbed 1,5-hexadiene (Fig. 5.4a) and DMM (Fig. 5.4b). A comparison of Fig. 5.8c to 
Fig. 5.7c shows that the IR spectrum are comparable in the region of persistent occluded 
species in the ZSM-5 (1470 – 1490 cm-1) as the zeolite transitions through the induction period 
to its working state.  
 
5.3.5. Reactive seeding in the TAP reactor over ZSM-5 (11.5) 
catalysts 
Further experiments were carried out to investigate the effect of 1,5-hexadiene and 
DMM on a step response of DME in the TAP reactor. Reactive seeding in the TAP reactor was 
implemented by conducting two step response cycles with different feeds (consecutive step 
response): the first step-up/steady-flow cycle using the precursor (DMM or 1,5-hexadiene) and 
the second step response cycle using 5 vol% DME at 300 °C.  
As a baseline study, 5 vol% DME over 10 mg of fresh ZSM-5 (11.5) gave an induction 
period of 20 min at 300 °C in a single step response cycle. To compare DMM to 1,5-hexadiene, 
equimolar carbon input of the precursor was used. A step response of 2.5 vol% of 1,5-
hexadiene was carried out on the reactor for 5, 15 and 90 min giving molar carbon input of 
2.1, 6.53 and 39.2 µmol respectively followed by a step response of 5 vol% DME over the 
ZSM-5 (11.5) catalyst. Also, a step response of 5 vol% of DMM was carried out for 5 min giving 
a molar carbon input of 1.9 µmol followed by a step response of 5 vol% DME over ZSM-5 
(11.5). Thus, DMM can be compared to 1,5-hexadiene after having seeded both precursors 
for 5 min each, while the effect of increasing molar carbon input can be observed with 1,5-
hexadiene.   
The molar flowrate of propylene effluent, on seeding with DMM for 5 min, show similar 
profile shape as with the single step response cycle of DME (Fig. 5.9a). On addition of 1,5-
hexadiene, the propylene effluent molar flowrate shows a different relaxation behaviour 
(although still exhibiting its logistic characteristics) to the single step response cycle of DME. 
DME and water reach their steady-state concentrations fastest with DMM compared to 1,5-
hexadiene (Figs. 5.9b and 5.9c). Fig. 5.9b shows that increasing precursor seeding time 
changes the water profile gradually from an overshoot to a monotonic profile. At 300 °C, 
propylene is the major olefin formed (Figs. 5.1 and 5.9a). The S-shaped profile in Fig. 5.9a 
can be analysed with a logistic (sigmoidal) function, which is used to estimate 







Fig. 5.9: Comparison of (a) induction times of propylene formation, (b) overshoot in water 
profiles and (c) time required for DME to reach steady-state after its introduction in argon only 
(-), after introduction of a first step response cycle of 2.5 vol% 1,5-hexadiene for 5 (-), 15 (-) 
and 90 (-) min followed by a step response of 5 vol% DME in argon, after introduction of a first 
step response cycle of 5 vol% DMM for 5 min followed by a step response of 5 vol% DME in 
argon (-) over ZSM-5. Water is formed during the initial induction of 5 vol% DMM for 5 min. 
Propylene is formed during the first step response of 2.5 vol% of 1,5-hexadiene. For brevity, 










5.4.1. Step response study  
The TAP reactor offers a low detection limit and an unperturbed measurement of signal 
intensities due to the direct placement of the measuring probe in the detection chamber. The 
decrease in the contribution of re-adsorption phenomena under vacuum conditions and the 
removal of extra-particle mass transfer demonstrates its immense benefit (34, 62, 63).  
A slow build-up of a steady pool of intermediates and their reaction to propylene occur 
during the first step response cycle (Fig. 5.1). The reaction of the DME feed with the occluded 
pool of intermediates is initiated during subsequent step response cycles. Heavier species are 
formed in the pores of the zeolite compared to that observed in the gas phase (Fig. 5.6). 
Therefore, the first cycle must involve intrinsic and extrinsic relaxation (35) describing the 
innate mechanism and pore chemistry respectively while the second cycle involves intrinsic 
relaxation only. The data provides further evidence, in agreement with Haw and co-workers 
(24), that the reaction of DME on a working catalyst eliminates the induction period.  
DME dissociates initially on acid sites and leads to the formation of surface methoxy 
species and methanol. Methanol further dissociates leading to surface methoxy species and 
water (12, 34, 64) or equilibrate leading to DME and water. Together, DME forms surface 
methoxy species, methanol and water. On further reaction, surface methoxy species are 
converted into hydrocarbons and regenerate the active site (16, 17, 65). The overshoot in Fig. 
5.1, previously observed by Dewaele et al. (49), can be explained by two competing factors: 
(1) the generation of surface methoxy species, methanol and water release and (2) the 
consumption of these methoxy groups towards hydrocarbon formation. This behaviour has 
been explained before by Kobayashi et al. (37-39). 
On the subsequent step cycles, the pool of intermediates is present and reacts with 
the DME feed such that no overshoots are observed and propylene forms faster. Reduction 
of the induction period in subsequent step cycles could also occur through further reactions 
such as hydrogen transfer between methanol and olefins (66-69) or between olefins (70, 71) 
and methylation (67, 69, 72-74) chemistries.  
Overshoots in water and methanol profiles were observed as the DME feed reaches 
its steady-state flow. This overshoot profile is maintained on addition of carbon monoxide or 
hydrogen. A drop in ka and ki values of water and methanol profiles was obtained on the 
addition of carbon monoxide signifying a faster rise and fall respectively compared to the DME 
feed. The addition of hydrogen increases the ka values of the water and methanol profiles 
signifying a slower rise onto the maximum overshoot point compared to the DME feed. k i 
values of water and methanol profiles are reduced on addition of hydrogen to the DME feed. 
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Ha and Hi for the water profiles are higher and lower respectively on addition of carbon 
monoxide and hydrogen to the DME feed.   
The period during which the overshoot profiles are observed by methanol and water 
effluent corresponds to the initial generation of surface intermediates followed by their 
conversion into secondary intermediates and hydrocarbons. DME rises rapidly followed by a 
slow rise onto steady-state. The initial rapid DME rise is observed on multiple step response 
cycles, while the slower rise is absent on the subsequent step response cycles. The absence 
of the slower rise in subsequent step response cycles signify that in the first step response 
cycle, the zeolite pores are being transformed from a fresh catalyst to a working catalyst. This 
transformation is absent on subsequent step response cycles. The earlier rapid DME rise is 
due to adsorption and very fast desorption rates associated with water, methanol and possible 
surface methoxy specie formation. Subsequently, during the slow DME rise, DME reacts with 
water, methanol, surface methoxy groups to generate secondary intermediates in the 
induction period with a possible decrease in desorption rates due to occlusion of hydrocarbons 
in the pores. Thus, the rise results in the generation of primary intermediates (water, methanol, 
surface methoxy groups) and the fall in overshoot results in the consumption of intermediates. 
Carbon monoxide results in the rapid generation and rapid consumption of surface 
intermediates during the conversion of dimethyl ether to olefins. However, while the addition 
of hydrogen results in the rapid generation of surface intermediates, their consumption is slow 
compared to a DME only feed.  
The Hill function that describes DME profiles is the same as the BiHill function without 
its consuming components. Thus, only the rise of DME to steady-state effluent flow rate is 
described. The addition of carbon monoxide increases the rate at which DME reaches the 
steady-state value while hydrogen barely makes a difference. The period before steady-state 
values are reached are inversely proportional to n. As shown in the figure above, this period 
is similar on addition of carbon monoxide or hydrogen to the feed and lower than for a DME 
feed alone.  
Multiple cycling gives similar effects in all three experiments (DME only, DME/CO and 
DME/H2). The induction period in propylene formation is eliminated on the second and 
subsequent cycles. DME rises rapidly onto its steady-state values and no overshoots in 







5.4.2. TPD study 
DMM decomposes on ZSM-5 catalysts to give formaldehyde, carbon monoxide and 
DME (14, 75). Propylene forms after DME and formaldehyde are fully desorbed (Fig. S5.8a). 
In comparison to the desorption of DME (34) and the low activation energies of desorption of 
CO (76), propylene could have been formed from: (a) an oligomer of formaldehyde or (b) an 
intermediate formed from the reaction of DME and formaldehyde leading to propylene.  
Trioxane, an oligomer of formaldehyde, could form propylene. However, this would 
require ring breaking of C-O and forming of C-C in propylene and high activation barriers. 
Alternatively, in-situ generation of surface methoxy groups could occur during the induction 
period (16, 22, 77-82). These surface methoxy groups could react with DME to form methoxy 
methyl cation and other oxygenates (such as formaldehyde, DMM and dimethoxyethane) 
leading to propylene formation (40, 44, 83).  
Fig. S5.8b shows the desorption profile of 1,5-hexadiene. The low temperature 
desorption profile is typical of molecular adsorption while the high temperature desorption 
profile indicates dissociative adsorption. The dissociative adsorption profile of 1,5-hexadiene 
indicates the presence of lighter products (43).  
DMM and 1,5-hexadiene were further examined through FTIR and used as precursors 
in the TAP reactor.  
 
5.4.3. FTIR study and seeding with precursors in the TAP 
reactor 
 Fig. 3c shows the IR spectrum of sample A minus sample B at 350 °C. This difference 
spectrum shows the change in adsorbed species as the zeolite transforms from the induction 
period to its working state. The hydrocarbon pool components can be obtained by the analysis 
of this spectrum. The IR spectrum of the hydrocarbon-occluded zeolite (Fig. 5.7c) within the 
1400 – 1500 cm-1 region is comparable to the IR spectrum of adsorbed 1,5-hexadiene (Fig. 
5.8a) or DMM (Fig. 5.8b) on a fresh zeolite. This indicates that either 1,5-hexadiene or DMM 
forms propylene in some similar steps with DME. As a result, no differentiation can be made 
based on FTIR alone.  
Fig. 5.9 shows the effect of adding precursors to the ZSM-5 catalyst before feeding 
DME. Fig. 5.9 shows that precursors react with components of the active pool altering the 
dynamics of their generation and transformation. This is seen in Fig. 5.9b as the seeding time 
of 1,5-hexadiene is increased from 5 min to 90 min and the overshoot leads to a monotonic 
profile. The propylene effluent maintains an S-shaped profile irrespective of added precursors. 
A detailed analysis of the S-shaped profile of propylene with and without precursors was 
carried out using equations 5.2 and 5.3.  
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Table 5.4: Induction times and growth rate constants over ZSM-5 (11.5) catalysts 





precursor (µmol)  
tind (min) k (min-1) 
None - - 23.2 0.63 
DMM 5 1.90 15.9 1.02 
1,5-hexadiene 5 2.10 14.8 0.15 
1,5-hexadiene 15 6.53 4.28 0.18 
1,5-hexadiene 90 39.2 1.07 0.26 
As a baseline study, 5 vol% DME over 10 mg of fresh ZSM-5 (11.5) catalysts gives an 
induction period and growth rate of 23 min and 0.63 min-1 at 300 °C respectively in a single 
step response cycle. This is half the induction period obtained and twice the growth rate of the 
transition regime of the hydrocarbon pool over 10 mg of ZSM-5 (25) at 300 °C suggesting a 
relationship between the number of active sites, induction period and the rate at which the 
hydrocarbon pool is established at constant molar flowrate in accordance with Qi et al. (29). 
The induction time reduces by 31 and 36% with roughly equimolar carbon input of 
dimethoxymethane and 1,5-hexadiene respectively (table 5.4). However, while DMM 
increases the growth rate of the transition-regime of hydrocarbon pool formation, 1,5-
hexadiene attenuates it. The growth rate increases further with increasing seeding time of 1,5-

















5.4.4. Reaction scheme for propylene formation 
Following the S-shaped propylene profile described by the logistic (sigmoidal) function, 
the reaction scheme is envisioned in terms of a nucleus (dimethoxyethane), formed during the 
induction stage, which undergoes autocatalysis leading to propylene formation.  
Stage Scheme Refs. 
Induction 
𝐢𝟏:  CH3OCH3 + HZ ⇌ CH3 ∙ Z + CH3OH 
𝐢𝟐:  CH3OH + HZ ⇌ CH3 ∙ Z + H2O 
𝐢𝟑: CH3OH +  CH3 ∙ Z ⇌ CH3OCH3 + HZ 
(34, 64) 
𝐢𝟒: CH3 ∙ Z + CH3OH → CH2O ∙ HZ + CH4 
𝐢𝟓: CH3OH → CO + 2H2 
(11, 14, 49) 
𝐢𝟔:  CH2O ∙ HZ + 2CH3OH ⇌ CH3OCH2OCH3 + H2O ∙ HZ (84, 85) 
𝐢𝟕: CH3OCH2OCH3 ∙ HZ → CH2O ∙ HZ + CH3OCH3 
𝐢𝟖: CH3OCH2OCH3 ∙ HZ + CO → CH3OCH2COOCH3 ∙ HZ 
𝐢𝟗: CH3OCH2COOCH3 ∙ HZ + 2H2 → CH3OCH2CH2OH ∙ HZ + CH3OH 
𝐢𝟏𝟎: CH3OCH2CH2OH ∙ HZ + H2O → HOCH2CH2OH ∙ HZ + CH3OH 
𝐢𝟏𝟏: CH3OCH2CH2OH ∙ HZ + CH3OH → CH3OCH2CH2OCH3 ∙ HZ + H2O 




𝐠𝟏: CH3OCH2CH2OCH3 + CH3 ∙ Z → CH2CHOCH3 + CH3OCH3 + HZ 
𝐠𝟐: CH2CHOCH3 + CH3 ∙ Z → CH3CHCHOCH3 + HZ 
𝐠𝟑: CH3CHCHOCH3 + CH3 ∙ Z →  CH3OCH2 ∙ Z + CH2CHCH3 
(83) 
Scheme 5.1: Proposed pathway towards propylene formation from DME. *HZ is a Brønsted 
acid site. For brevity, the adsorption and desorption of all species except methanol and DME 
were omitted.  
DME dissociation leading to methanol and surface methoxy species, further methanol 
dissociation leading to adsorbed surface methoxy species and water release as well as the 
equilibration reaction (steps i1-i3) readily occur on feeding DME over ZSM-5 catalysts (3, 64).  
Methane and formaldehyde have been observed during methanol transformation over 
ZSM-5 catalysts at low temperatures and conversions (26, 49). Even on silicalite, Liu et al. 
(14) observed the formation of carbon monoxide, hydrogen, methane and formaldehyde from 
methanol. Steps i4-i5 represent the formation of these products.  
Dimethoxymethane is formed from formaldehyde and methanol in step i6 through a 
series of sub-steps including carbonyl protonation, nucleophilic attack by the alcohol and water 
release (84, 85).  
Dimethoxymethane decomposes on ZSM-5 to give formaldehyde, carbon monoxide 
and DME (Fig. S8a). This has been observed by Fu et al. (75) and Liu et al. (14). Studies with 
DMM should indicate the added reactions of carbon monoxide and formaldehyde to DME. 
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Steps i7-i10 show chemistries that involve carbon monoxide, hydrogen, DMM and water 
leading to methyl methoxy acetate, 2-methoxy ethanol and ethylene glycol formation 
respectively. Seeding with DMM (Fig. 5.9a) or co-feeding DME with carbon monoxide or 
hydrogen (table 5.1) reduces the induction period. Steps i11 and i12 describe observations on 
multi-step response cycles. Once the necessary intermediates are formed (surface methoxy 
species, DMM etc), re-introducing a DME or methanol feed reduces the induction period. 
Thus, the induction period of propylene formation is reduced because increasing the 
concentrations of carbon monoxide, hydrogen, DMM, DME or methanol decreases the time 
required to form the envisaged nucleus (dimethoxyethane).  
Fan and co-workers (83) provided DFT evidence for every step (g1-g3) in the growth 
phase leading to propylene formation from dimethoxyethane. Adding DMM as a precursor 
would increase the amount of dimethoxyethane formed which would further increase the 
growth stage of propylene formation. Dimethoxyethane could also lead to ethylene formation 
(83). According to the reaction scheme, DMM could lead independently to propylene formation 
without any added DME. This was observed during the reactive decomposition of DMM as 
shown in Fig. S5.8a.  
The S-shaped propylene profile showing logistic (sigmoidal) behaviour occurs because 
there is a build-up of methoxy species in the induction stage followed by a depletion of methoxy 
species in the growth stage. DMM hastens the growth stage probably because it increases 
the rate of depletion of these methoxy species during the growth stage and the converse 
occurs for 1,5-hexadiene. Hexadiene breaks down to give propylene over ZSM-5 catalysts 
(Fig. S5.8b) in the first step response cycle and the already formed propylene could react to 
form higher olefin homologues over ZSM-5 catalysts such that the growth rate of propylene 
as observed in Fig. 5.9a is reduced. Furthermore, Kobayashi (37) showed that the S-shaped 
profile is due to the presence of stable intermediates. These intermediates could include 
methyl methoxy acetate, 2-methoxy ethanol, ethylene glycol, dimethoxymethane and 
dimethoxyethane.  
 While TPD and FTIR could not distinguish the relevant precursor, reactive seeding in 
the TAP reactor gives proof that DMM is the dominant intermediate during olefin formation 
from propylene. The dual-cycle can be initiated through the olefin cycle once propylene is 
formed at low temperatures. Thus, the proposed mechanism activated under transient 
conditions could precede the dual-cycle model operating under steady-state conditions. 
 Future work would investigate the synergetic effects of Lewis acid sites and Brønsted 
acid sites for initial C-C bond and primary olefin formation during MTO conversion and the use 





The induction period of the conversion of dimethyl ether to primary olefins over ZSM-5 
catalysts has been studied in a temporal analysis of products reactor at 300 °C. Propylene 
was observed as the primary olefin. A 44 min induction period is observed in the first step 
response cycle and is eliminated on the second and subsequent step response cycles. 
FTIR analysis of the hydrocarbon-occluded ZSM-5 catalyst obtained after step response 
shows a similar spectrum (1400 – 1500 cm-1) as pre-adsorbed dimethoxymethane or 1,5-
hexadiene on a fresh ZSM-5 catalyst indicating that they both could be reactive precursors. 
An equal reduction in induction time of propylene formation was obtained on equimolar 
addition of 1,5-hexadiene or dimethoxymethane. However, while dimethoxymethane 
accelerates the formation of propylene, 1,5-hexadiene attenuates its growth.  
As propylene displays an S-shaped profile similar to the logistic (sigmoidal) behaviour 
observed with crystal nucleation, these results were explained by a reaction mechanism where 
the addition of precursors such as dimethoxymethane, carbon monoxide and hydrogen reduce 
the induction period because they decrease the time required to form an envisioned nucleus 
(dimethoxyethane). These precursors also accelerate the growth rate of propylene formation 
because they increase the rate of reaction of dimethoxyethane to give propylene. On this 
basis, the direct mechanism is the most probable route towards primary olefin fromation.  
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S5. Supplementary information 
A Mechanistic Investigation into the Induction Period of 
Dimethyl Ether Conversion to Olefins over ZSM-5 Catalysts 
 
S5.1 TAP reactor  
The TAP reactor consists of three chambers connected in series: the reactor chamber, 
the differential chamber, and the detector chamber. The reactor chamber contains a fixed-bed 
reactor, 6 mm O.D. (4 mm I.D.) and 40 mm long. The reactor chamber has a cone-shaped 
inset for uniform radial distribution. The differential chamber acts as a cryogenic trap to 
eliminate scattered molecules reaching the detector chamber where the quadrupole mass 
spectrometer is housed. The differential chamber works as a molecular beam. Gases are 
introduced either through two continuous feed valves or two pulse valves into the reactor inlet. 
The pressure at the exit of the reactor chamber is maintained at 10-5 Pa while the pressure at 
the end of the differential chamber is 10-6 Pa and QMS is 10-7 Pa. Further detailed description 
of the TAP reactor used in this work can be found in ref. (1). A baking procedure was carried 








S5.2 Blank experiments 
 
Fig. S5.2: A normalised step response of 5 vol% DME (balance argon) over ZSM-5 (25) and 
over an inert quartz bed, both at 450 °C. 
 
S5.3 Characterisation 
The zeolite samples were studied by X-ray diffraction (XRD) with a Bruker D5005 
diffractometer using Cu Kα radiation equipped with standard Bragg-Brentano geometry and a 
diffracted beam graphite monochromator. The morphology was characterized using a Carl 
Zeiss sigma series Field Emission Scanning Electron Microscope (FE-SEM) at an accelerated 
voltage of 20 kV. The crystal size distribution was obtained from an image analysis software. 
Nitrogen physisorption studies were carried out on a Micromeritics 2020 unit. The samples 
were degassed by heating to 400 °C under vacuum (10-6 mbar) for 12 h prior to 
measurements. Fig. S3.1 below gives the XRD patterns of ZSM-5 (11.5) and ZSM-5 (25) used 




Fig. S5.3.1: XRD patterns of ZSM-5 (11.5), ZSM-5 (25) and a reference highly crystalline 






(a) ZSM-5 (11.5) 
 
(b) ZSM-5 (25) 




Thermogravimetric analysis (TGA) of the ZSM-5 (25) or ZSM-5 (11.5) catalyst powder 
was carried out in a Setsys Evolution TGA 16/18 instrument (SETARAM). Before each 
experiment, 12 mg of sample was placed into an alumina crucible held in a TGA chamber that 
was purged with air at 20 °C at 200 mL min-1 for 8 min. All gas flow rates refer to normal 
temperature and pressure. The experiments were performed under air flowing at 20 mL min-1 
at a heating rate of 5 °C min-1 to the temperature of 600 °C. 
 
Fig. S5.3.3: TGA of ZSM-5 catalysts of Si/Al ratios of 11.5 and 25.  
S5.4 Quantification 
To ascertain what to quantify, the full gaseous product release during the step 
response cycles was obtained (see Fig. S6 below). The quantification methodology has been 
used before (3) and was performed in the following sequence: (1) Ion fragmentation patterns 
determined from calibration experiments done over a quartz bed of equal bed length and 
diameter to the ZSM-5 bed were obtained. Calibration experiments were conducted by 
passing each specie listed in Table S4 as well as argon through an inert bed consisting of 
quartz wool/quartz beads/quartz wool. The major m/e value was obtained in accordance with 
the NIST chemical database. Argon was used as internal standard for quantification, (2) Ion 
current intensities were taken relative to the inert standard, (3) Molar flow rates were obtained 
from the molar flow rate of the inert standard, the sensitivity coefficients, and the relative ion 
current intensities. A recursive deconvolution methodology was used: throughout all 
calculations, ion current intensities were taken relative to that of the chosen inert standard at 
































where Ia(i),m(j) is the ion current intensity of specie i and m/z ratio of j. Is,m(s) is the ion current 
intensity of argon at m/z=40. Next, the sensitivity coefficient was calculated from calibration 



















ISens ==  
where ns is the molar flow rate of argon and na(i) is the molar flow rate of specie i. Sensa(i),m(j) is 
the sensitivity coefficient of specie i at m/z ratio of j. To exploit an analysis by the mass 
spectrometer, the equation defining the sensitivity coefficient is rearranged, yielding an 
expression for the partial pressure, mole fraction or flow of the probe molecule as a function 



















In ==  
A (recursive) deconvolution (unfolding of the different compound contributions to the 
ion current intensity at a given m/e value) can be accomplished if the ion current intensity of 
































II −=−=  
where I*common,m(j) is the overall contribution of specie i at m/z ratio of j. Sensa(l),m(j) is the 
sensitivity coefficient of an overlapping fragment at m/z ratio of j. Sensa(l),m(n) is the sensitivity 
coefficient of an overlapping fragment at its own non-interfering m/z ratio of n. Ia(l),m(n) is the ion 
current intensity of an overlapping fragment at its own non-interfering m/z ratio of n. Ar was 
monitored at m/e = 40, CH3OH at m/e = 31, DME at m/e = 45, H2O at m/e = 18, CO at m/e = 
28, CO2 at m/e = 44, H2 at m/e = 2, CH4 at m/e = 16, C2H4 at m/e = 27 and C3H6 at m/e = 41.  
Subsequent deconvolution allowed for the subtraction of minor fragments from main 
species. The original data was subjected to noise reduction (a smoothing function (moving 
average of 5) to the curves to smoothen out irregularities due to noise in the signal) before 
presentation in the manuscript. Deconvolution manipulations could be detrimental to 
signal/noise ratios (1) in which case CO, H2 and butene are not displayed due to their 
negligible quantities. 
Table S5.4 below gives an overview of the major gaseous components and most 








Table S5.4: Species present in the effluent, m/e values for measurement and the most 
important interfering components 
Specie m/e value Interfering components 
CH3OH 31 DME 
DME 45  
H2O 18  
CO 28 CH3OH, DME, C3H6 
H2 2 CH4, C2H4, C3H6 
CH4 16 CH3OH, DME, CO, C3H6 
C2H4 27 C3H6 
C3H6 41  
Accurate quantification of species formed and consumed during the formation of primary 
olefins would require determination of all species formed under TAP conditions along with a 
recursive deconvolution to remove their influence. Instrumental limitations occur with a QMS 
as it can monitor only 10 species at once. As a heuristic, the work of Chang et al. (4) and 
Dewaele et al. (5) has been used to limit the possible chemistries involved under low pressure 
conditions. 
  
S5.5 Sample identification for FTIR study 
 
Fig. S5.5: Step response of 5 vol% DME over 157 mg of ZSM-5 (11.5) showing various stages 














S5.6 Full spectrum of species 
 
Fig. S5.6: Full spectrum of gaseous species formed after a step response of 5 vol% DME over 
ZSM-5 (25) catalysts at 300 °C. No products larger than m/z = 56 were observed in 
distinguishable quantities 
 
S5.7 Profile relationships between DME and propylene 
effluent 
 
Fig. S5.7: Effluent profiles of DME and propylene following a step response of 5 vol% DME 
over ZSM-5 (25) at 300 °C. Total molar flow rate (5 vol% DME, balance Ar) at STP = 4.4 × 10-
8 mol s-1.  
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S5.8 TPD-IND of dimethoxymethane and 1,5-hexadiene 
 
Fig. S5.8a: TPD of DMM (m/z=75) and its decomposition products (DME, m/z=45; 
formaldehyde, m/z=29; carbon monoxide, m/z=28 and propylene, m/z=41) over ZSM-5 at 
15 °C min-1 up to 470 °C.  
 
Fig. S5.8b: TPD of 1,5-hexadiene over ZSM-5 at 15 °C min-1 up to 470 °C showing 









































S5.9 Mass and atom balances 
Carbon accumulation was calculated as:  
2nDME,i − 2nDME,e − nMeOH,e − 2nC2H4,e − 3nC3H6,e 
Hydrogen accumulation was calculated as:  
6nDME,i − 6nDME,e − 4nMeOH,e − 4nC2H4,e − 6nC3H6,e − 2nH2O,e 
Oxygen accumulation was calculated as:  
nDME,i − nDME,e − nMeOH,e − nH2O,e 
Mass accumulation was calculated as:  
46nDME,i − 46nDME,e − 32nMeOH,e − 28nC2H4,e − 42nC3H6,e − 18nH2O,e 
where nj,i is the steady-state feed molar flow rate of specie j and nj,e is the steady-state effluent 
molar flow rate of specie j.  
 




























Fig. S5.10: (a) Infrared spectrum of the hydroxyl region of ZSM-5 (11.5) and ZSM-5 (25), 
activated at 450 °C; (b) infrared spectra of the pyridine region following pyridine adsorption 
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6. Transient Kinetic Studies and Microkinetic Modelling of 
Primary Olefin Formation from Dimethyl Ether over 
ZSM-5 Catalysts  
In the previous chapter, it was observed that propylene is the primary olefin formed from 
DME over ZSM-5 catalysts at 300 °C. An induction period during which a pool of intermediates 
form precedes propylene formation from DME. This induction period is eliminated if the pool 
of intermediates is already present as shown in subsequent step response cycles. Adding 
dimethoxymethane as a precursor to the ZSM-5 catalyst substantially reduces the induction 
period and increases the growth rate of propylene formation. Also, addition of carbon 
monoxide and hydrogen separately reduces the induction period and increases the growth 
rate of propylene formation showing that they could be key intermediates in propylene 
formation. The propylene effluent follows an S-shaped profile mirroring crystal nucleation 
kinetics. Consequently, a mechanism was proposed where all precursors examined 
(dimethoxymethane, carbon monoxide and hydrogen) are involved in the transformation of 
dimethyl ether in the formation of a nucleus (dimethoxyethane) which breaks down to form 
propylene. This mechanism agrees largely with recent proposals from DFT calculations from 
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The formation of primary olefins from dimethyl ether (DME) was studied over ZSM-5 catalysts 
at 300 °C using a novel step response methodology in a temporal analysis of products (TAP) 
reactor. For the first time, the TAP reactor framework was used to conduct single and multiple 
step response cycles of DME (balance argon) over a shallow bed with the continuous flow 
panel. Propylene is the major primary olefin and portrays an S-shaped profile with a preceding 
induction period when it is not observed in the gas phase. Methanol and water portray 
overshoot profiles due to their different rates of generation and consumption. DME effluent 
shows a rapid rise half-way to its steady state value leading to a slow rise thereafter because 
of its high desorption rates followed by subsequent reactions involving DME in further steps 
during the induction period. To analyse the experimental data quantitatively, nine reaction 
schemes were compared and kinetic parameters were obtained by solving a transient plug 
flow reactor model with coupled dispersion, convection, adsorption, desorption, and reaction 
steps. The methoxymethyl pathway involving dimethoxyethane and methyl propenyl ether 
gives the closest match to experimental data in agreement with recent DFT studies. Gaseous 
dispersion coefficients of ca. 10-9 m2 s-1 were obtained in the TAP reactor. The novel 
experimental data validated against the transient kinetic model suggest that after the formation 
of initial species, the bottleneck in propylene formation is the transformation of the initial C-C 
bond i.e. dimethoxyethane formed initially from DME and methoxymethyl groups. DME 
adsorption on ZSM-5 catalyst generates surface methoxy groups which further react with the 
feed to give methoxymethyl groups. These methoxymethyl groups are regenerated through a 
series of reactions involving intermediates such as dimethoxymethane and methyl propenyl 
ether before propylene formation.  
Keywords: induction period; hydrocarbon pool; dimethyl ether (DME); temporal analysis of 
products (TAP) reactor; ZSM-5 zeolite; transient kinetics; MTO; microkinetic model; step 












An increasing demand in added-value chemicals and their security as well as incentives 
to reduce the carbon footprint needed for their generation and utilisation make the conversion 
of methanol to hydrocarbons (MTH) a viable chemical process. Non-conventional feedstock 
(such as biomass or organic process waste) and highly abundant resources (such as coal) 
are used to produce methanol via gasification and syngas liquefaction, and can later be 
transformed to fuels and chemicals over zeolite catalysts (1).  
The production of hydrocarbons from methanol under steady-state conditions is regulated 
by a well-established “hydrocarbon pool” mechanism also known as the dual-cycle consisting 
of an olefin and aromatic cycle over ZSM-5 catalysts (2-6). The propagation of both cycles 
over the ZSM-5 catalyst is tunable depending on process conditions (7). Methanol conversion 
can be tuned towards light olefin production (MTO) at relatively high temperatures and low 
pressures (8-10).  
Methanol undergoes a rapid equilibration process over ZSM-5 catalysts leading to the 
formation of dimethyl ether (DME) and water (11). There exists a long-standing debate on the 
evolution of the key oxygenate i.e. methanol and/or DME into the steady-state hydrocarbon 
pool. The debate centres on: (a) the role of methanol and/or DME, (b) the primary olefin(s) 
formed and (c) the exact mechanism leading from the key oxygenate to the primary olefin(s).  
Various direct mechanisms have been proposed for the conversion of methanol/DME to 
primary olefins (12). These direct mechanisms are known by their intermediates and include 
oxonium ylide (13, 14), carbene (15), methane-formaldehyde (16, 17), carbon monoxide (18-
20), methoxymethyl (21, 22) and surface methoxy groups (23-26). Using density functional 
theory (DFT) calculations, Lesthaeghe et al. (27-29) refuted some direct mechanisms based 
on high activation energy barriers and highly unstable intermediates. Conversely, primary 
olefins were proposed to form indirectly from impurities (acetone, ethanol) in the methanol 
feed (30, 31). Hunger and co-workers (23, 24, 32) later observed that the quantity of impurities 
proposed is insufficient for olefin formation.  
Recently, there has been a surge in the evidence for the direct mechanisms leading to 
primary olefin formation (18, 19, 21, 22). Li et al. (22) gave evidence, using DFT calculations 
for the formation of propylene from methanol through methoxymethyl cations. In this pathway, 
1,2-dimethoxyethane or 2-methoxyethanol were proposed as key intermediates propagating 
the direct formation of propylene. Wei et al. (21) compared formation pathways involving 
methane-formaldehyde and methoxymethyl cations for initial C-C bond formation from 
methanol. They obtained that the most favourable methane-formaldehyde pathway involved 
the formation of 1,2-ethanediol as the primary C-C bond. Nonetheless, the methoxymethyl 
pathway was more kinetically and thermodynamically favourable. Liu et al. (18), Chowdhury 
et al. (19, 20) and Plessow and Studt (33, 34) provided spectroscopic and theoretical evidence 
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for a carbon monoxide mechanism. The formation of the first C-C bond (surface acetate group) 
was shown to involve a low activation barrier of 80 kJ mol-1.     
Although theoretical calculations have shown the feasibility of the direct pathway involving 
methoxymethyl cations for the direct formation of ethylene and propylene from methanol, there 
are no kinetic studies to experimentally validate these proposals. Moreover, there is no kinetic 
model developed on a microscale level to describe and predict the formation of primary olefins 
from oxygenates particularly in the induction period.  
Recently, we observed that higher temperatures are required to desorb DME in 
comparison to methanol providing evidence that DME stays longer on the catalysts (35) and 
is the key oxygenate. This was also evidenced by Liu et al. (18) and Wei et al. (21). In this 
paper, we investigate the induction period during the formation of primary olefins from DME at 
300 °C by conducting novel step response experiments in a temporal analysis of products 
(TAP) reactor. Nine reaction schemes obtained from literature (18-22) were compared and 
used as a basis for a microkinetic model. The experimental data was simulated to extract 
kinetic parameters that describe the formation of primary olefins from DME over fresh ZSM-5 
catalysts.  
 
6.2. Materials and methods  
6.2.1. Experimental 
The ammonium form of the fresh ZSM-5 catalyst with a Si/Al ratio of 25, purchased from 
Zeolyst International, has a crystallite size of 0.10 ± 0.02 µm and an average particle size of 
30 µm (35). The ZSM-5 catalysts were pressed, crushed, and sieved to obtain pellet sizes in 
the range of 250 – 500 µm. Anhydrous DME (99.999%) and argon (99.999%) were purchased 
from CK special gases Ltd. Experiments were conducted in a transient reactor suited for the 
temporal analysis of products under close to vacuum conditions. The TAP has three chambers 
in series: (a) the reactor chamber, (b) the differential chamber and (c) detector chamber. The 
reactor chamber contains a fixed-bed reactor, 6 mm O.D. (4 mm I.D.) and 40 mm long and 
has a cone-shaped inset for uniform radial distribution. The differential chamber acts as a 
cryogenic trap to eliminate scattered molecules reaching the detector chamber where the 
quadrupole mass spectrometer (QMS) is housed. The differential chamber works as a 
molecular beam. Gases were introduced through two continuous feeding valves into the 
reactor inlet. The pressure at the exit of the reactor chamber is maintained at 10-5 Pa while the 
pressure at the end of the differential chamber is 10-6 Pa and QMS is 10-7 Pa. The response 
of the QMS, placed in the detector chamber, was calibrated by passing continuous streams of 
various gases (methanol, DME, ethylene, propylene, etc.) in argon over an inert quartz bed 
with particle diameters between 355 – 500 µm. The QMS was operated in a multiple ion 
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detection (MID) mode monitoring a maximum of 10 products simultaneously. The low base 
pressure (10-7 Pa) in the detector chamber allows for high detection sensitivity necessary for 
quantitative analysis. The inert quartz bed used for calibration had the same length as the 
catalyst bed. The time required to reach steady state or to drop from steady state was fastest 
over the inert quartz bed.  
10 mg of NH4-ZSM-5 catalyst was initially decomposed in the TAP reactor chamber by 
heating it at 10 °C min-1 up to 450 °C, holding for 30 min before bringing the sample to 300 
°C. Background signal intensities were obtained. The catalyst was then subjected to a steady 
flow of argon at 10-8 mol s-1. Afterwards, the flow was instantaneously switched to a feed of 5 
vol% DME in argon (step-up) at a flow rate of ca. 4.40 × 10-8 mol s-1. At steady state, the inlet 
DME feed was instantaneously switched to a steady flow of argon (stopped-flow). Thus, a 
single step response cycle consists of three phases: step-up, steady-flow and stopped-flow. 
During the step response cycle, the effluent was monitored with the QMS. Single and multiple 
step response cycles were carried out.  
Flow rates of the inert feed were similar to step response feed and were about 10-8 mol 
s-1, with an inlet pressure of less than 1000 Pa (36). The active catalyst bed length was short 
(2 mm) compared to the overall bed length of 25 mm (consisting of quartz wool/quartz 
beads/active catalyst bed/quartz beads/quartz wool).  
A novel methodology was developed as described above where ZSM-5 catalysts packed 
in a shallow bed were subjected to step response of probe molecules under continuous flow. 
Here, the rate is proportional to the difference of inlet and outlet concentrations. As 
conversions increase when the TAP reactor is operated as a convective flow device, the level 
of non-uniformity increases. The extent of the non-uniformity is circumvented in our 
experiments due to the use of a shallow bed. The above methodology is different from the 
conventional diffusional flow TAP reactor where the rate is proportional to the difference of 
inlet and outlet gradient of concentrations (37). Our novel methodology was developed in the 
TAP reactor to alleviate intricacies associated with the MTH reaction. Olsbye et al. (38) 
highlighted, in their review, the complexities associated with separating active species and 
deactivating species during MTO reaction during atmospheric studies. Herein, we show that 
on multiple step response cycles, deactivation is negligible under TAP conditions. As the 
pressures used were lower than 1000 Pa, external mass transfer to the particle is negligible 
due to low gas densities which allow for the absence of a stagnant film around the particle in 
the TAP reactor. They are suppressed due to negligible intramolecular collisions under 
vacuum conditions (39). In a previous contribution (35), we also showed that the rates of 
methanol and DME adsorption and desorption are limiting compared to intra-particle mass 
transport contributions. Below (section 4), we show that these rates compete with the rate of 
transformation of intermediates during the conversion of DME to primary olefins.  
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Throughout all step response experiments, the temperature and the pressure were 
constant. The raw data (QMS ion currents) were corrected for background levels and 
fragmentation contributions for the different molecules and sensitivity factors according to 
section S6.1 of supplementary information.  
 
6.2.2. Modelling 
To obtain estimates of the kinetic parameters, the reactor performance was simulated. 
The outlet concentrations of methanol, DME, water, ethylene and propylene were estimated 
using the measured inlet conditions of DME and argon in a step function as boundary 
conditions. Rate parameters were estimated by comparing experiment to model. A one-zone 
plug flow reactor model was applied. Ideal plug flow is assumed initially due to high gas 
velocities of the feed expanding to vacuum in the reactor. For a simple reversible adsorption, 







− 𝛤𝑡𝑆𝑣(1 − 𝑏)(𝑘𝑎𝑐𝑖 − 𝑘𝑑𝜃𝑖𝑍)                                                                        (6.1) 
where ka is the adsorption coefficient (m3 mol-1 s-1), ci is the concentration of gas phase 
component, i (mol m-3), 𝑏 is bed porosity; u is the superficial velocity, m s
-1; z is the bed length, 
m; t is time, s; 𝛤𝑡 is the concentration of active sites per unit surface area of catalyst (mol mcat
-
2) and Sv is the catalyst surface area per unit volume (mcat-1). Model properties are given in 




= 𝑘𝑎𝑐𝑖 − 𝑘𝑑𝜃𝑖𝑍                                                                                                                        (6.2) 
where kd is the desorption rate coefficient (s-1) and θi is the fractional surface coverage of the 
adsorbed specie.   
Initial condition: t = 0, Ci,g = 0, θi = 0.  
Boundary condition: (at t>0, z=0), Cj (0, t) = f(t), j = DME, Ar 
The reactor model was solved in MATLAB (version R2016b) using the upwind scheme 
for solving the hyperbolic 1st order partial differential equation. Backward differencing was 
applied to the convection term in the PDE. To ensure numerical stability, the Courant-




| ≤ 1                                                                                                                                               (6.3)   
where a = u/εb. 
  Thereafter, the influence of dispersion was simulated by solving a modification of 










− 𝛤𝑡𝑆𝑣(1 − 𝑏)(𝑘𝑎𝑐𝑖 − 𝑘𝑑𝜃𝑖𝑍)                                                             (6.4) 
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where Di,e is the dispersion coefficient. The broader term dispersion coefficient is used 
although diffusion may be the main contributor here. Such differentiation cannot be extracted 
from our experimental data.  













= 0                                                                                                                                                        (6.6) 
The sum of square error (SSE) between experiment and model was obtained according to 
(42, 43):  












n component number;  
m    observation number;  
Nc    total number of components;  
Nd    total number of observations;  
wn,m weighting factor of the m-th observation of component n.  
Yobs  experimental data 
Ycal  model data 
 






                                                                                                                                            (6.8) 
where xexp is the total number of experimental points. The expression allows that the minority 
species in the reaction medium have a higher weighting factor. Future work would consider 























Table 6.1: Catalyst and reactor properties used in the kinetic model  
Parameter Value Unit 
Active bed length 2  mm 
Overall bed length 25  mm 
Si/Al ratio 25 - 
Brønsted acid site density 356  µmol g-1 
BET surface area 413  m2 g-1 
𝛤𝑡 0.862  µmol mcat
-2 
εb 0.5 - 
𝑆𝑣 2.0 × 105  mcat-1 
Velocity, u 0.25  mm s-1 
* Brønsted acid site density and BET surface area are obtained from a previous 
communication (35) 
 
Furthermore, to assess the sensitivity coefficients, the initial rate constants of each 
elementary step was multiplied by perturbation factors while other rate constants were kept 
constant. The relative changes in the sum of square error between the experimental and 
model were obtained with or without the perturbation factor. Subsequently, the sensitivity 




                                                                                                                                                 (6.9) 
where Yp and Yo are the SSE values with or without the perturbation factor and F is the 
perturbation factor.  
The initial parameter estimates were improved greatly by reducing the sum of squares 
error between model and experiment. Parameter optimisation through the minimisation of the 
sum of square error using an “fminsearch” function was implemented in MATLAB. The 
“fminsearch” function uses a Nelder-Mead simplex algorithm as described by Lagarias et al. 
(45). Nine reaction schemes involving methoxymethyl groups, methane-formaldehyde and 













Firstly, it was important to establish the full range of gaseous species obtained at steady-
state. As shown in Fig. 6.1, no substantial gaseous products greater than an m/z ratio of 56 
was observed.  
 
Fig. 6.1: Full spectrum of gaseous species at steady-state formed after a step response of 5 
vol% DME (balance argon) over ZSM-5 (25) catalysts at 300 °C. Argon signals at m/z=20 and 
40 have been removed for better clarity.   
 
Propylene (m/z= 41) is the major olefin produced at 300 °C over ZSM-5 catalysts (Figs 
6.1 & 6.2). The formation of propylene follows an S-shaped profile with a 44-min induction 
period. The S-shaped propylene profile is caused mainly by the formation of a series of stable 
intermediates (46, 47) during the induction period leading to the hydrocarbon pool chemistry 




Fig. 6.2: Step response of 5 vol% DME at 300 °C over 10 mg of ZSM-5 (25) catalysts. Total 
molar flow rate (5 vol% DME, balance Ar) at STP = 4.4 × 10-8 mol s-1. Steady state conversion 
is 34.8% 
 
During the induction period of propylene formation, water is generated and released into 
the gas phase and consumed until steady-state effluent values are reached resulting in a stark 
overshoot profile. Methanol effluent mirrors this overshoot behaviour although its features are 
much subtler. DME effluent rises in two stages: rapidly at the beginning and then slowly until 
it reaches steady state. All effluent species attain steady-state at the same time. Steady-state 
conversion of DME into hydrocarbons is 34.8%.  
After steady molar flowrates of all effluent species were achieved at 300 °C, the catalyst 
was purged by a flow of argon for 20 min (i.e. after 80 min time on stream in Fig. 6.2). 
Subsequently, a second step response cycle of 5 vol% DME was passed over the ZSM-5 
catalyst at ca. 100 min. As shown in Fig. 6.2, the initial induction time of propylene effluent 
observed in the first step response cycle was eliminated. The steady flow of propylene effluent, 
which follows an S-shaped profile, shows that no deactivation of the catalyst had occurred 
over the timescale of this experiment at 300 °C. Also, there is no overshoot in the water effluent 
on subsequent step response cycles. The DME effluent rises immediately in the second and 
subsequent cycles in comparison to its slower pace in the first cycle. 
Nine reaction schemes were compared to explain the induction period observed. These 
nine reaction schemes are based on the methane-formaldehyde, methoxymethyl and carbon 
monoxide pathways. Three routes were analysed for the methane-formaldehyde pathway 
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leading to ethanol (P1), 1,2-ethanediol (P2) and  2-methoxyethanol (P3) as the initial C-C bond 
(21). Two further routes were analysed that involved the formation of carbon monoxide without 
Brønsted acid sites (P4) according to the work of Liu et al. (18) or with Brønsted acid sites 
(P5) according to the work of Plessow and Studt (33) and Anderson and Klinowski (48). Three 
conventional routes resulting in the formation of the initial C-C bond from the reaction of 
methoxymethyl groups with methane, methanol and DME leading to ethyl methyl ether (P6), 
2-methoxyethanol (P7) and dimethoxyethane (P8) respectively were analysed. A further route 
was analysed according to the work of Hoang et al. (49) that involves the conversion of 
dimethoxyethane to methyl propenyl ether which subsequently breaks down to propanal. 
Propanal forms dimers and trimers and leads to trimethylbenzene, thus initiating the aromatic 
cycle before ethylene and propylene formation via the aromatic dealkylation chemistry (P9). 
All reaction mechanisms are given in section S6.2 of the supplementary information. Finally, 
the effect of dispersion on the P8 route was analysed.  
The experimental data was modelled initially using an ideal plug flow reactor model with 
the various reaction schemes described (table 6.2). Initial estimates were obtained by 
comparing experimental data to each model. Parameter optimization was then carried out 
alongside sensitivity analysis as described in section 6.2 above. The influence of dispersion 
was then modelled, although the relative proportions between kinetic parameters stayed 





















Table 6.2: Comparison of different pathways for primary olefin formation from dimethyl ether  
Code Pathway Initial C-C bond SSE (× 10-11) 
P1 Methane-formaldehyde Ethanol 2.76 
P2 1,2-ethanediol 2.74 
P3 2-methoxyethanol 3.21 
P4 Carbon monoxide Surface acetate^ 7.00 
P5 Surface acetate
+ 11.9 
P6 Methoxymethyl Ethyl methyl ether  2.41 
P7 2-methoxyethanol 2.34 
P8 Dimethoxyethane& 2.27 
P9 Dimethoxyethane# 5.83 
^ - carbon monoxide forms in the gas phase 
+ - carbon monoxide forms in the presence of Brønsted acid sites  
& - pathway involving secondary oxygenates (dimethoxyethane) leading to primary olefins  
# - pathway involving secondary oxygenates and an aromatic cycle leading to primary olefins 
 
* Reaction schemes for P1-P7 and P9 are given in section S6.2 of the supplementary 
information. Optimised parameters from P2 and P5 are given in section S6.2 in comparison 
with P8 given below.  
 
6.4. Discussion 
The debate on the formation of primary olefins is focused on advancing understanding on 
the mechanism through which the key oxygenate transforms during the induction period. This 
contribution is focused on the chemical kinetics of DME transformation to primary olefin(s) at 
low pressures in the TAP reactor at 300 °C. A focus on the chemical kinetics would help 
elucidate the major bottlenecks involved in primary olefin formation from DME. Ultimately, this 
study fits within the larger framework of quantitatively describing the evolution of the 
hydrocarbon pool that subsequently regulates product distribution over zeolite and zeotype 
catalysts at steady-state.  
The methane-formaldehyde (16, 17, 29), carbon monoxide (18-20, 33, 34, 48, 50) and 
methoxymethyl (21, 22) pathways are competing pathways for the direct formation of primary 
olefins. The first route (P1) following methane and formaldehyde intermediates lead to the 
formation of ethanol as the initial C-C bond. Ethanol decomposes over ZSM-5 catalysts 
leading to ethylene as the primary olefin. Ethylene is then methylated by surface methoxy 
groups to propylene which is observed. This route has been previously suggested to be 
unfavourable due to the very slow reaction rates for the conversion of methane and 
formaldehyde to ethanol (29). Yamazaki et al. (51) further showed that the methylation of 
ethylene to produce propylene occurs at a far slower rate compared to the reaction of DME 
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with surface methoxy groups. Low reaction rates leading to the formation of ethanol as well 
as negligible rates of the formation of propylene from ethylene and surface methoxy groups 
lead to the unfavorability of this reaction pathway.  
The route leading to the formation of 1,2-ethanediol (P2) is the most favourable methane-
formaldehyde pathway following DFT studies (21). The lowest SSE is observed in this route 
compared to other routes involving methane-formaldehyde intermediates. Double methylation 
of 1,2-ethanediol leads to the formation of dimethoxyethane which leads to ethylene and 
propylene formation on decomposition on the ZSM-5 catalysts. A lower agreement is observed 
for the generation of 2-methoxyethanol (P3) as the initial C-C bond compared to 1,2-ethanediol 
(P2) from the methane-formaldehyde pathway. This is due to the faster rate of formation of 
the first C-C bond from the reaction of methanol with adsorbed formaldehyde. The rate of 
formation of 1,2-ethanediol exceeds 2-methoxyethanol formation by a factor of 5.     
Carbon monoxide in pathways P4 and P5 involving surface acetate groups have the effect 
of reducing the induction time required to form propylene. Carbon monoxide functions as a 
co-catalyst (33, 34) as the predicted induction time is a factor of 10 times lower than the 
observed induction period leading to a high sum of squares error (SSE). The relative mismatch 
could be due to its negligible contribution at low pressures.  
Methoxymethyl pathways are the most thermodynamically and kinetically favourable (21) 
and as a result have the better agreement amongst the three pathways to experimental data. 
The route involving dimethoxyethane (P8) shows the best agreement to experimental data 
given its low SSE and relatively high induction time prediction (Fig. 6.3). The reaction scheme 
is given below as:  
 
𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      (𝑃8.1) 
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                 (𝑃8.2) 
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                 (𝑃8.3) 
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                         (𝑃8.4) 
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻4                                                                                           (𝑃8.5) 
𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                       (𝑃8.6) 
𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂                                                                  (𝑃8.7) 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                    (𝑃8.8) 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 + 𝐶𝐻3 ∙ 𝑍 → 𝐶3𝐻6 + 𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍                                                                             (𝑃8.9) 
 
In this scheme, steps P8.if and P8.ib refer to the forward and backward reaction of P8.i 
respectively. A comparison of experimental data and simulations using initial estimated 




Fig. 6.3: Step response of DME over ZSM-5 catalysts at 300 °C using optimised parameters 
 
The dissociative adsorption, and desorption of DME, methanol and water as well as the 
reaction of surface methoxy groups and methanol govern their initial release into the gas 
phase and the early concentrations of methoxy groups on the catalyst surface. The desorption 
of DME is much faster than its adsorption and the desorption of methanol is faster than its 
adsorption. DME desorption is faster than methanol desorption under reactive conditions 
(table 6.3). Gaseous DME reacts with surface methoxy groups and methoxy methyl groups in 
reaction steps P8.5 and P8.6 to produce methoxymethyl groups and dimethoxyethane 
respectively. The higher reverse dissociation rate of gaseous DME (step P8.1) on the active 
site is necessary to supply its gaseous form needed for reactions later (steps P8.5 and P8.6) 
during the induction period. In Fig. 6.3, DME effluent reaches steady state slowly following an 
initial rapid rise. The initial rapid rise is due to a fast-backward rate constant in step P8.1 
leading to large releases of DME into the gas phase. The slower rate of rise following 
afterwards is due to the reactions involving DME in steps P8.5 and P8.6 later during the 
induction period. Alternatively, it could be due to DME saturation on the active sites ZSM-5 
catalyst if molecular adsorption is considered. A better fit has been obtained with dissociative 












k1f 0.00045 0.000421 Pa-1 s-1 
k1b 5.2 4.27 Pa-1 s-1 
k2f 0.00182 0.00253 Pa-1 s-1 
k2b 0.1010 0.468 Pa-1 s-1 
k3f 0.0003 0.000142 Pa-1 s-1 
k3b 50 152 s-1 
k4f 0.00028 7.85e-8 Pa-1 s-1 
k4b 1.7 0.215 s-1 
k5f 0.02 0.028 Pa-1 s-1 
k6f 0.5 0.469 Pa-1 s-1 
k7f 0.129 0.0973 s-1 
k8f 0.00375 0.00878 Pa-1 s-1 
k8b 812.5 1.24 s-1 
k9f 125 10.5 Pa-1 s-1 
*kif and kib refer to forward and backward rate constant of reaction step P8.i.   
 
Surface methoxy groups are generated early in the induction period and consumed later 
leading to the formation of intermediates and propylene. Slow generation of surface methoxy 
groups occurs given the dissociation rates of DME and methanol in reaction steps P8.1f and 
P8.2f respectively. Surface methoxy groups are also slowly consumed leading to the formation 
of adsorbed DME (step P8.4f) and generation of methoxymethyl groups (step P8.5f). However, 
they are rapidly consumed in step P8.9f leading to the formation of propylene.  
Water effluent portrays an overshoot profile with time on stream. The water effluent is 
controlled by its molecular adsorption and desorption (step P8.3) and the dissociative 
adsorption and desorption of methanol (step P8.2) and the formation of methyl propenyl ether 
from dimethoxyethane (step P8.7). Methanol adsorption and desorption leads to little 
concentrations of water in the gas phase (step P8.2). Once formed, water remains mostly in 
the gas phase (step P8.3). Step P8.7f shows a large reaction rate constant for water formation 
from dimethoxyethane. Although water is rapidly produced in step P8.7f and rapidly desorbed 
in step P8.3b, it reacts rapidly with surface methoxy groups to give methanol in step P8.2b. 
Thus, the overshoot in water effluent is due to the competing dynamics governing its formation 
and consumption during the induction period.    
Gaseous methanol effluent is affected by the early reactions (steps P8.1, P8.2 and P8.4). 
Desorption rates greater than adsorption rates in steps P8.1 and P8.2 lead to a slow release 
of methanol in the gas phase. In step P8.4f, methanol is slowly consumed, although the rate 
of reaction is slower than its nominal formation rate in steps P8.1f and P8.2b. Thus, small 
concentrations of methanol are generated in steps P8.1 and P8.2, which are slowly consumed 
in step P8.4 during the induction period. The difference between the rates of methanol 
formation and consumption is responsible for its slight overshoot depicted in Fig. 6.3.  
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Methanol overshoot effectively mirrors water overshoot except that its features are subtler. 
This is probably due to reaction step P8.2. connecting methanol, water and surface methoxy 
groups.  
Propylene is formed very rapidly (step P8.9f) from the initial species (methanol, DME, 
water, surface methoxy groups, methoxymethyl groups), in comparison to previous steps, 
through a series of intermediates (dimethoxyethane and methyl propenyl ether). Both 
intermediates are readily available in the pores of the ZSM-5 catalyst and in the gas phase 
due to high desorption rates respectively. After the formation of initial species (methanol, DME, 
water, surface methoxy groups and methoxymethyl groups), the bottleneck in propylene 
formation which is also a very important step according to the sensitivity analysis (Fig. 6.4) is 
the transformation of dimethoxyethane (step P8.7) formed initially from DME and 
methoxymethyl groups (step P8.6). 
 
Fig. 6.4: Sensitivity analysis for elementary steps involved in the formation of propylene from 
DME over ZSM-5 catalysts at 300 °C 
 
Kobayashi (46, 47) observed that an S-shaped profile observed during the induction 
period is due to the slow transformation of several stable intermediates. Hoang et al. (49) 
proposed reaction pathways that looked at the formation of dimers and trimers of aldehydes 
leading to aromatics formation which consequently dealkylate to give primary olefins. We 
modelled this pathway (P9) allowing for the formation of secondary oxygenates and aromatics 
before primary olefin formation. We observed that to obtain the detected propylene selectivity, 
the transformation rates between secondary oxygenates and aromatics must be rapid. The 


















high rates of transformation, however lead to lower induction times. The induction times are 
accurately predicted only at low rates of dimer and trimer transformation but leading to lower 
propylene selectivities than those observed. Based on the pathway giving the lowest sum of 
squares error, the dimethoxymethane route of the methoxymethyl pathway, as suggested by 
Fan and co-workers (21, 22) gives the closest agreement to experimental data.  
The inclusion of the steady-state hydrocarbon pool chemistry along with the induction 
period chemistry (as investigated in this paper) would lead to a full description of the S-shaped 
propylene profile observed. It is beyond the scope here to investigate the effect of the 
hydrocarbon pool chemistry on the S-shaped propylene profile and indeed there are already 
collections of review articles (7, 12) on this topic. As soon as the primary olefin is formed in 
the induction period, olefin methylation, oligomerisation and cracking, and hydrogen transfer 
and cyclisation as well as aromatic methylation and dealkylation chemistries regulate steady-
state conversion of initial oxygenates (methanol, DME) to hydrocarbons. Nonetheless, in this 
article, we have provided mechanistic insights on the challenges of the chemistries occurring 
only during the induction period.  
Yablonsky et al. (52) proposed a reactive mixing index analysis (REMI) function for 
diagnostics of the hydrodynamic regime during ideal and non-ideal flow of pulse inputs into 
the TAP reactor. The REMI criterion for the characterization of the mixing quality in a catalytic 
reactor which, initially at steady-state, is perturbed by small pulses of a chemical reactant. 
CSTR, ideal PFR and non-ideal PFR were considered. In our analysis, step response has 
been carried out using the continuous feeding valves of the TAP reactor over a shallow bed 
hence representing the non-ideal PFR as convection and dispersion effects were considered. 
The effects of dispersion were modelled using equation 6.4 and dispersion coefficients were 
of the order of ca. 10-9 m2 s-1. The trend observed in rate constants without dispersion effects 
were the same as those when dispersion was included in the model. 
 
6.5. Conclusions 
The formation of primary olefins from dimethyl ether (DME) has been studied over ZSM-
5 catalyst using a novel step response methodology in a temporal analysis of products (TAP) 
reactor. Propylene is the major olefin formed at 300 °C and portrays an S-shaped profile. 
Overshoot profiles are depicted by methanol and water with time on stream. DME effluent 
reaches its steady state flowrate in two phases: rapidly up until half its steady-state value and 
then slowly. The results were explained using a transient kinetic model that considers 
dispersion, convection, adsorption, desorption and reaction for step response cycles applied 
to ZSM-5 catalysts in a shallow bed packing configuration. Nine reaction schemes were tested 
using recent density functional theory studies.  The methoxymethyl pathway involving 
dimethoxyethane as the first C-C bond gives the closest agreement to experiment. After the 
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formation of primary products (methanol, water, surface methoxy groups, methoxymethyl 
groups and methane) from DME, the transformation of the first C-C bond (reaction of 
methoxymethyl group with DME to give dimethoxyethane) represents the major bottleneck in 
propylene formation over ZSM-5 catalysts. 
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S6. Supplementary information 
 
Transient Kinetic Studies and Microkinetic Modelling of 




To ascertain what to quantify, the full gaseous product release at steady-state was 
monitored. This quantification method has been used before (1). The quantification was 
performed in the following sequence: (1) Ion fragmentation patterns determined from 
calibration experiments done over a quartz bed of equal bed length and diameter to the 
ZSM-5 bed were obtained. Calibration experiments were conducted by passing each specie 
listed in Table S1 as well as argon through an inert bed consisting of quartz wool/quartz 
beads/quartz wool. The major m/e value was obtained in accordance with the NIST chemical 
database. Argon was used as internal standard for quantification, (2) Ion current intensities 
were taken relative to the inert standard, (3) Molar flow rates were obtained from the molar 
flow rate of the inert standard, the sensitivity coefficients, and the relative ion current 
intensities. A recursive deconvolution methodology was used: throughout all calculations, ion 










I =  
where Ia(i),m(j) is the ion current intensity of specie i and m/z ratio of j. Is,m(s) is the ion current 
intensity of argon at m/z=40. Next, the sensitivity coefficient was calculated from calibration 




















ISens ==  
where ns is the molar flow rate of argon and na(i) is the molar flow rate of specie i. Sensa(i),m(j) 
is the sensitivity coefficient of specie i at m/z ratio of j. To exploit an analysis by the mass 
spectrometer, the equation defining the sensitivity coefficient is rearranged, yielding an 
expression for the partial pressure, mole fraction or flow of the probe molecule as a function 





















In ==  
A (recursive) deconvolution (unfolding of the different compound contributions to the 
ion current intensity at a given m/e value) can be accomplished if the ion current intensity of 
































II −=−=  
where I*common,m(j) is the overall contribution of specie i at m/z ratio of j. Sensa(l),m(j) is the 
sensitivity coefficient of an overlapping fragment at m/z ratio of j. Sensa(l),m(n) is the sensitivity 
coefficient of an overlapping fragment at its own non-interfering m/z ratio of n. Ia(l),m(n) is the 
ion current intensity of an overlapping fragment at its own non-interfering m/z ratio of n. Ar 
was monitored at m/e = 40, CH3OH at m/e = 31, DME at m/e = 45, H2O at m/e = 18, C2H4 at 
m/e = 27 and C3H6 at m/e = 41.  
Subsequent deconvolution allowed for the subtraction of minor fragments from main 
species. The original data was subjected to noise reduction (a smoothing function (moving 
average of 5) to the curves to smoothen out irregularities due to noise in the signal) before 
presentation in the manuscript.  
Table S6.1 below gives an overview of the major gaseous components and most 
interfering components that were detected in this study. 
 
Table S6.1 
Species present in the effluent, m/e values for measurement and the most important 
interfering components 
Specie m/e value Interfering components 
CH3OH 31 DME 
DME 45  
H2O 18  
C2H4 27 C3H6 
C3H6 41  










S6.2. Reaction schemes  
 
Scheme P1 
𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂H → 𝐶𝐻4 + 𝐶𝐻2𝑂 ∙ H𝑍                                                                                     
𝐶𝐻4 + 𝐶𝐻2𝑂 ∙ H𝑍 → 𝐶𝐻3𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻2 ∙ 𝑍 + 𝐻2𝑂 
𝐶𝐻3𝐶𝐻2 ∙ 𝑍 ⇌ 𝐶2𝐻4 + 𝐻𝑍 





























𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂H → 𝐶𝐻4 + 𝐶𝐻2𝑂 ∙ H𝑍                                                                                     
𝐶𝐻3OH + 𝐶𝐻2𝑂 ∙ H𝑍 → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 
𝐻𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍 






k1f 0.000396 Pa-1 s-1 
k1b 3.62257 Pa-1 s-1 
k2f 0.002832 Pa-1 s-1 
k2b 0.683886 Pa-1 s-1 
k3f 0.0003 Pa-1 s-1 
k3b 45.86694 s-1 
k4f 0.000277 Pa-1 s-1 
k4b 1.70000 s-1 
k5f 0.441306 Pa-1 s-1 
k6f 19.5715 Pa-1 s-1 
k7f 1.821271 Pa-1 s-1 
k8f 0.156231 s-1 
k9f 0.093926 Pa-1 s-1 
k9b 0.550363 s-1 















𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂H → 𝐶𝐻4 + 𝐶𝐻2𝑂 ∙ H𝑍                                                                                     
𝐶𝐻3O𝐶𝐻3 + 𝐶𝐻2𝑂 ∙ H𝑍 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 
𝐻𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍 
























𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3𝑂𝐻 → 𝐶𝑂 + 2𝐻2 
𝐶𝐻3 ∙ 𝑍 + 𝐶𝑂 → 𝐶𝐻3𝐶𝑂 ∙ 𝑍 
𝐶𝐻3𝐶𝑂 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 → 𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 + 𝐻𝑍 
𝐶𝐻3𝐶𝑂 ∙ 𝑍 + 𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂𝐻 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝑂𝑂𝐻 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻𝑍 
𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 + 𝐻2𝑂 ⇌ 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐶𝐻3𝑂𝐻 
𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻2𝐶𝑂 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻2𝐶𝑂 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 → 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻2𝐶𝑂 + 𝐻2𝑂 
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻2𝐶𝑂 → (𝐶𝐻3)𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 
(𝐶𝐻3)𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 → 𝐶𝑂 + 𝐶2𝐻4 + 𝐻𝑍 
(𝐶𝐻3)𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 → (𝐶𝐻3)2𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 + 𝐻2𝑂 





k1f 0.000362 Pa-1 s-1 
k1b 2.692328 Pa-1 s-1 
k2f 0.002165 Pa-1 s-1 
k2b 0.383114 Pa-1 s-1 
k3f 0.000387 Pa-1 s-1 
k3b 71.05336 s-1 
k4f 2.35e-04 Pa-1 s-1 
k4b 1.70000 s-1 
k5f 8.25e-06 s-1 
k6f 204.3048 Pa-1 s-1 
k7f 0.000741 Pa-1 s-1 
k8f 0.180464 s-1 
k8b 0.0625 Pa-1 s-1 
k9f 216.2476 Pa-1 s-1 
k10f 424.9608 s-1 
k10b 0.000271 Pa-1 s-1 
k11f 3.829351 Pa-2 s-1 
k11b 0.002495 Pa-2 s-1 
k12f 1.180564 Pa-1 s-1 
k12b 0.001038 Pa-1 s-1 
k13f 515.7614 Pa-1 s-1 
k14f 447.3874 Pa-1 s-1 
k15f 0.002131 s-1 
k16f 114.306 Pa-1 s-1 








𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶𝐻2𝑂 ∙ 𝐻𝑍 + 𝐻2 
2𝐶𝐻2𝑂 ∙ 𝐻𝑍 → 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 + 𝐻𝐶𝑂𝑂𝐻 ∙ 𝐻𝑍 
𝐻𝐶𝑂𝑂𝐻 ∙ 𝐻𝑍 → 𝐻2𝑂 ∙ 𝐻𝑍 + 𝐶𝑂 
𝐶𝐻3 ∙ 𝑍 + 𝐶𝑂 → 𝐶𝐻3𝐶𝑂 ∙ 𝑍 
𝐶𝐻3𝐶𝑂 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 → 𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 + 𝐻𝑍 
𝐶𝐻3𝐶𝑂 ∙ 𝑍 + 𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂𝐻 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝑂𝑂𝐻 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻𝑍 
𝐶𝐻3𝐶𝑂𝑂𝐶𝐻3 + 𝐻2𝑂 ⇌ 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐶𝐻3𝑂𝐻 
𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻2𝐶𝑂 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻2𝐶𝑂 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 → 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻2𝐶𝑂 + 𝐻2𝑂 
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻2𝐶𝑂 → (𝐶𝐻3)𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 
(𝐶𝐻3)𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 → 𝐶𝑂 + 𝐶2𝐻4 + 𝐻𝑍 
(𝐶𝐻3)𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 → (𝐶𝐻3)2𝐶𝐻𝐶𝑂 ∙ 𝐻𝑍 + 𝐻2𝑂 



















𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻4 
𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻4 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻3 ∙ 𝐻𝑍 
𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻3 ∙ 𝐻𝑍 ⇌ 𝐶2𝐻4 + 𝐶𝐻3𝑂𝐻 + 𝐻𝑍 
























𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                      
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻4 
𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 
𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝑂𝐶𝐻𝐶𝐻2 + 𝐻2𝑂 ∙ 𝐻𝑍 
𝐶𝐻3𝑂𝐶𝐻𝐶𝐻2 + 𝐶𝐻3 ∙ 𝑍 ⇌ 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 + 𝐻𝑍 
























𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻                                                                                                       
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌ 𝐶𝐻3 ∙ 𝑍 + 𝐻2𝑂                                                                                                                  
𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐻2𝑂 ∙ 𝐻𝑍                                                                                                                                  
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                                                          
𝐶𝐻3 ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻4                                                                                            
𝐶𝐻3𝑂𝐶𝐻2 ∙ 𝑍 + 𝐶𝐻3𝑂𝐶𝐻3 → 𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍                                                                        
𝐶𝐻3𝑂𝐶𝐻2𝐶𝐻2𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂                                                                   
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐶𝐻3 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐻 + 𝐶𝐻3 ∙ 𝑍 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐻 + 𝐻𝑍 → 𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐻 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐻 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻2𝐶𝐻𝑂 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐻 + 𝐶𝐻3𝐶𝐻2𝐶𝐻𝑂 ∙ 𝐻𝑍 → 𝐶𝐻3𝐶𝐻2𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝑂 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻3𝐶𝐻𝐶𝐻𝑂𝐻 + 𝐶𝐻3𝐶𝐻2𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝑂 ∙ 𝐻𝑍 → 𝐶𝐻3𝐶𝐻2𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝑂 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝐶𝐻3𝐶𝐻2𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝑂 ∙ 𝐻𝑍 ⇌ 𝐶𝐻3𝐶𝐻𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝑂𝐻 ∙ 𝐻𝑍 
𝐶𝐻3𝐶𝐻𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝐶(𝐶𝐻3)𝐶𝐻𝑂𝐻 ∙ 𝐻𝑍 → 𝐶9𝐻12 ∙ 𝐻𝑍 + 𝐻2𝑂 





















S6.3. Comparison of experimental data with simulations of 
the P8 reaction scheme using initial estimated parameters  
 
 
Fig. S6.3_P8: Step response of DME over ZSM-5 (Si/Al=25) catalyst at 300 °C using initial 
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7. Experimental and Kinetic Modelling Studies of Methanol 
Conversion to Hydrocarbons over Zeolite Catalysts  
This chapter focuses on MTH conversion over ZSM-5 (Si/Al =34) catalysts at 370 °C 
and 1 bar in a fixed bed reactor by combining experimental data and kinetic modelling results. 
The rational was to quantitatively describe the steady-state conversion of methanol to 
hydrocarbons and investigate the mechanisms that regulate product distribution over ZSM-5 
catalysts. Propylene is the major olefin formed at 300 °C. Ethylene and propylene are 
observed at higher temperatures (see chapter 5). A transient kinetic model was used to 
investigate the induction period at 300 °C where only propylene is the major olefin produced 
(chapter 6). Having shown that they are produced directly from the methanol feed, a lumped 
kinetic model is used in this chapter to explain their direct formation at steady-state.  
 
Abstract 
A lumped kinetic model has been used to describe the conversion of methanol to 
hydrocarbons (MTH) over ZSM-5 catalysts at 370 °C and at conversions between 0.3 to 90%. 
The reduced lumped kinetic model, based on the law of mass action, contains 98 rate 
constants, 32 adsorption equilibrium constants and 98 reaction steps to describe the 
transformation of 33 components involved in its implicit chemistries. These chemistries include 
methanol equilibration, olefin formation, olefin methylation with methanol and DME, olefin 
oligomerisation, olefin cracking, hydrogen transfer and cyclisation, aromatic methylation, 
aromatic dealkylation (cracking), paraffin cracking and paraffin alkylation. The model shows 
that the direct formation of olefins can describe the formation of olefins at low contact times. 
The rate of ethylene formation is, however, 5 times slower than propylene formation. For the 
first time, olefin methylation with DME has been shown to be 3.5 times faster than its 
methylation with methanol and aromatic methylation with DME has been shown to be 2.5 
times faster than its methylation with methanol. These results validate DME as the major 
methylating specie involved in surface reactions during MTH conversion and propylene as the 
major olefin. Of the chemistries involved, the methanol equilibration, direct olefin formation, 
olefin methylation, oligomerisation and cracking chemistries are the slowest steps involved in 
MTH conversion. The olefin cycle which consists of these chemistries control the rate of MTH 
conversion over ZSM-5 catalysts at 370 °C.  
183 
 
7.1. Introduction  
The need to generate fuels and chemicals sustainably has fuelled interest in the 
conversion of methanol to hydrocarbons (MTH). Since its initial discovery in 1977 (1), a 
significant amount of qualitative information has been generated concerning the mechanistic 
aspects of the reaction (2-4). It has been shown that during the steady state MTH conversion 
over zeolite catalysts, a “hydrocarbon pool” mechanism regulates product distribution (5, 6). 
Over ZSM-5 catalysts, the hydrocarbon pool manifests itself through an aromatic cycle and 
an alkene cycle working in tandem. In the aromatic cycle, aromatics are methylated by 
oxygenates and dealkylate to give olefins. The olefin cycle involves methylating primary olefins 
to higher homologues that subsequently crack (5). Hydrogen transfer and cyclisation 
chemistries link the alkene to the aromatic cycle (2). The propagation of the alkene and 
aromatic cycles are tunable over the ZSM-5 catalysts depending on process conditions (2).  
As stated in Chapter 2, several models have been constructed using lumped (7-10) or 
single event micro-kinetic (11-13) methodologies to obtain quantitative information on the 
kinetics of MTH conversion. For a short description here, Chen and Reagan (7) used a four-
lump model in establishing the autocatalytic nature between oxygenates and olefins over 
ZSM-5. Schoenfelder and co-workers (8) used a seven-lump model in describing the 
methanol-to-hydrocarbons reaction over ZSM-5, while Bos and co-workers (9) used a model 
system of 12 reactions involving 6 lumps and coke. Aguayo and co-workers (14) used a seven-
lump model to obtain the maximum yields of olefins at high temperatures (400 – 550 °C) during 
methanol-to-olefin conversion over ZSM-5 catalysts of Si/Al = 30.  
Using the Single Event MicroKinetic (SEMK) methodology, Froment and co-workers (12, 
13) obtained modelling results that show that a direct ylide mechanism and a carbenium 
mechanism can describe steady state generation of hydrocarbons from methanol over ZSM-
5 catalysts with a Si/Al = 200 at temperatures between 360 – 480 °C and space time between 
0.1 – 7 gcat h mol-1 (0.36 – 25.2 kgcat s mol-1) . Conversely, Marin and co-workers (11) showed 
that steady-state MTH conversion can be obtained from the indirect hydrocarbon pool (via an 
aromatic cycle). They used the SEMK methodology over ZSM-5 with a Si/Al = 200 and 
temperatures between 370 – 480 °C and at space times between 0.5 and 6.5 kgcat s mol-1.  
The fundamental challenge during the steady-state conversion of methanol to 
hydrocarbons over zeolite catalysts lie in identifying a single descriptor that quantitatively and 
statistically describes the product distribution observed. The key motivation stems from 
advances made with the Fischer-Tropsch process which was studied and understood as being 
dominated by surface polymerisation processes. The Fischer-Tropsch process is investigated 
in terms of essentially one kinetic parameter, α, the chain-growth probability factor. Advances 
in MTH chemistry could be sought in a similar way. The principal methodology lies in 
describing each major chemistry in the MTH process by a single kinetic parameter and then 
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explaining overall MTH product distribution by an overarching parameter consisting of these 
individual parameters. In a first step, this chapter aims to investigate the chemistries that 
control product distribution at steady-state. This contribution aims to describe MTH conversion 
over ZSM-5 catalysts of Si/Al = 34 at 370 °C and 1 bar and at space times between 0.0134 – 
0.334 kgcat s mol-1. A reduced lumped kinetic model applying the law of mass action was used. 
Parameters were estimated for the MTH process using an ideal plug flow reactor.  
 
7.2. Experimental  
7.2.1. Methodology 
Steady state experiments were conducted by Dr Dmitry Lukyanov. Experimental details 
are given as follows:   
The ammonium form of a ZSM-5 catalyst with Si/Al ratio of 34 was used. The zeolite 
powder was pressed into disks, crushed and sieved to obtain size fractions between 0.25 - 
0.5 mm, which were subsequently used in catalytic experiments. The zeolite pellets were 
housed between two quartz wool plugs in a quartz cylindrical reactor of 4.5 mm. Prior to 
catalytic experiments, the catalyst was calcined with a heating rate of 1 °C min-1 in a flow of 
nitrogen to 500 °C and maintained at this temperature for 4 h.  
All reactions were carried out at 1 bar in a continuous flow micro reactor at 370 °C. 
Steady-state conditions were established after 7 min time-on-stream (TOS). The contact time 
was varied under steady-state conditions by changing the mass of catalyst charged at a 
constant feed of 25 wt% methanol (balance nitrogen) to obtain different levels of conversion. 
The reaction mixture was analysed by an online gas chromatograph equipped with a flame 
ionisation detector (GC-FID). The initial conditions were restored at the end of each 
experimental run to verify the absence of deactivation. The experimental data was then 
subjected to further kinetic modelling studies by the author.   
 
7.3. Kinetic model development and methodology 
7.3.1. Components of the kinetic model 
MTH conversion is a complex multistage and multicomponent reaction. At 100% 
conversion, hydrocarbons with carbon number up to 10 appear in the product mixture. A final 
kinetic model involving 33 components which includes methane, formaldehyde, hydrogen, 
carbon monoxide, C2 – C10 olefins and paraffins, methanol, DME, water, dimethoxymethane, 
dimethoxyethane, C6 – C10 aromatics and nitrogen was constructed. Due to the intricate 
complexity of this reaction, isomers of the same carbon number and functional group were 
lumped into a single component. Such a lumping methodology has been shown to accurately 
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describe a subset of reactions for the design and development of industrial processes over 
ZSM-5 catalysts (15, 16).  
 
7.3.2. Reaction and Adsorption steps  
The reaction scheme and rate equations for the full kinetic model involving 33 species 
including nitrogen with 32 adsorption equilibrium constants, 17 reaction equilibrium constants 
and 230 rate constants are given in the supplementary information on this chapter. Units for 
rate constants are given either in mol g-1 s-1 bar-1 for reactions between one gaseous molecule 
and an adsorbed molecule or one gaseous molecule alone, mol g-1 s-1 for reactions involving 
one or two adsorbed molecules.  
 
7.3.3. Rates of transformation  
Rate equations were written according to the law of mass action. For instance, the rate 
equations for olefin methylation by methanol is as follows:  
𝑟𝑖 =  𝑘𝑖𝑃𝐶𝑛𝐻2𝑛[𝐶𝐻3𝑂𝐻. 𝐻𝑍] = 𝑘𝑖𝐾𝑗𝑃𝐶𝑛𝐻2𝑛𝑃𝐶𝐻3𝑂𝐻 . [𝐻𝑍]                                                                          (7.1) 
where 𝑟𝑖 is the rate of the ith step, ki is the rate constant for the ith methylation step and Kj is 
the adsorption equilibrium constant of the adsorbed species, j. 𝑃𝐶𝑛𝐻2𝑛 is the partial pressure of 
an olefin.  
With specification of all components from 1 to 230 of the reaction steps from 1 to 33, the 
kinetic model of a set of 33 coupled ordinary differential equations (ODE) describing the rates 
of transformation of 33 components in 230 reaction steps is given as:  
𝑅𝑖 =   ∑ 𝜈𝑖,𝑗𝑟𝑗
33
𝑗=1
              (1 ≤ 𝑖 ≤ 230)                                                                                                          (7.2) 
where Ri is the rate of transformation of the component i (mol g-1 s-1), vi,j is the stoichiometric 
coefficient of the component i in the reaction step j and rj is the rate of the reaction step j.  




= 𝑅𝑖𝑀𝑊𝑖                   (1 ≤ 𝑖 ≤ 230)                                                                                                        (7.3) 
where 𝑦𝑖 is the mass fraction of the component i in the reaction mixture (-), 𝜏 is the contact 
time (s) and 𝑀𝑊𝑖 is the molecular weight of the component i (g/mol). Contact time is defined 
as the ratio between catalyst weight (W) and mass flow rate of the feed (m), i.e. 
𝜏 (𝑔𝑐𝑎𝑡𝑔𝑓𝑒𝑒𝑑
−1 𝑠) = 𝑊/𝑚. For the numerical integration of the system of differential equations, a 
stiff ode solver (ode15s) was used in MATLAB (version R2017b).  
The ratio of the diameter of the reactor to the diameter of the catalyst particle was large 
enough to minimize channelling effects. Axial dispersion effects have been assumed to be 
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minimal in view of the catalyst particle size and configuration of the fixed bed. The ratio of bed 
length to diameter of the packed bed was greater than 50 in line with recommendations for 
isothermal packed bed reactors (17). Molar expansion is also assumed negligible.  
The equations for the rate of transformation describing the kinetic model are given in the 
supplementary information accompanying this chapter.  
 
7.3.4. Parameter Estimation: Non-linear Least Squares 
Method 
An inverse kinetic problem is the identification of the type of kinetic model and its 
parameters. There is no universal method for solving inverse kinetic problems. Usually, the 
solution is often obtained by solving iteratively a series of direct kinetic problems. A direct 
kinetic problem involves calculating reaction rates on the basis of a known kinetic model with 
known kinetic parameters (18).  
The non-linear least squares method involves minimizing the sum of squares of 
residuals (SSR). This is given by (19, 20):  












n component number;  
m    observation number;  
Nc    total number of components;  
Nd    total number of observations;  
wn,m weighting factor of the m-th observation of component n.  
Yobs  experimental yield data 
Ycal  model yield data 
 
The weighting factor will be taken as 1 as it is assumed that all data have the same 
significance since only yields were measured. The least square method (21, 22) is based on 
the following assumptions for the error (ɛ) of the observations (23): 
1) The mean of ɛ is zero; 
2) The probability distribution of ɛ is normal; 
3) The variance of the probability distribution of ɛ is constant; and  





7.4. Estimation of kinetic parameters 
7.4.1. Adsorption constants 





                                                                                                                                                 (7.5) 
where Ki is the adsorption constant of the ith specie and Pi is the partial pressure of the ith 
gaseous specie and HZi is the fractional coverage of the ith specie.  In the work of Svelle et 
al. (24) on the co-reaction of methanol with ethylene, the rates increased by 20% with an 
increase in the partial pressure of methanol from 20 mbar to 100 mbar. The increase in rates 
indicates that methanol coverage must have increased. Applying Langmuir adsorption 
isotherm for a 20% increase in coverage from 20 mbar to 100 mbar gave an adsorption 
constant of 190 bar-1. 
Similarly, the adsorption constant for DME can be obtained following the work of Hill et 
al. (25) on the co-reaction of benzene, toluene and xylene with DME over H-MFI catalysts. An 
adsorption constant of 250 bar-1 allowed for a 0.77% change in coverage from 290 mbar to 
670 mbar in agreement with the results of Hill et al. (25). 
The adsorption constant of olefins, paraffins and aromatics were obtained as 1.53 bar-1, 
0.01 bar-1 and 7.81 bar-1 following the work of Lukyanov and co-workers (26). A decrease in 
rates of methanol conversion by 10% is observed when methanol is co-fed with water (27). 
This was attributed to the preferential adsorption of water molecules. It was then assumed that 
the adsorption constant was 10% less than methanol.  
From the following model with 33 species including nitrogen, the following adsorption 
equilibrium constants were used.  
Table 7.1: Adsorption equilibrium constants  
Adsorption constant  Value (bar-1) Source 
Methanol 190 (24, 28) 
DME 250 (25) 
Water  209 (27) 
Hydrogen 0.01 (26) 
Carbon monoxide 0.0033 (29) 
Olefins 0.4 - 1.53 (26) and regression analysis 
Paraffins 0.01 (26) 
Formaldehyde 400 (30) 
Dimethoxymethane, 
Dimethoxyethane 
250 Assumed to be the same as DME 




7.4.2. Equilibrium constants 
Thermodynamic calculations for oligomerisation-cracking reaction used to constrain the 
parameters to be estimated. Firstly, the enthalpy, entropy and molar heat capacity changes 
were calculated at standard conditions (298 K and 1 bar). The enthalpies and entropies were 
calculated at 370 °C and 1 bar which allowed for the estimation of the Gibbs free energy. 
At standard temperature and pressure, the enthalpy of the reaction is given by:  
∆𝐻𝑟






                                                                                                     (7.6) 
Entropy of reaction is given by:  
∆𝑆𝑟






                                                                                                        (7.7) 
Molar heat capacity is given by:  
∆𝐶𝑝






                                                                                                            (7.8) 
where Δ𝐻𝑓
𝜃 is the enthalpy of formation at standard temperature and pressure, 𝜐 is the 
stoichiometric coefficient, Δ𝑆𝑓
𝜃 is the entropy of formation at standard temperature and 
pressure, C𝑝
𝜃 is the heat capacity at standard temperature and pressure. The enthalpies and 
entropies of reaction can be calculated at T equals 370 °C for the conversion of methanol to 
gasoline through the following reactions:  
∆𝐻𝑟
𝑇 = ∆𝐻𝑟
𝜃 + ∫ ∆𝐶𝑝𝑑𝑇
𝑇
298









                                                                                                                            (7.10) 
Consequently, the Gibb’s free energy (∆𝐺𝑟
𝑇) and the reaction equilibrium constant (K) 
can be determined for each reaction as:  
∆𝐺𝑟
𝑇 = ∆𝐻𝑟
𝑇 − 𝑇 ∙ ∆𝑆𝑟




𝑅𝑇                                                                                                                                                          (7.12) 
Thermodynamic data was obtained from Yaws' Handbook of Thermodynamic Properties 
for Hydrocarbons and Chemicals (31). The oligomerisation-cracking equilibrium constants 














(J mol-1)  
Entropy of 
Formation 




(J/mol K)   
 
 
Ethene 52500 -53.6443 43.924  
 
Propene 19700 -142.55 64.994  
 
Butene 
   
 
 
1-butene -500 -273.80 88.41  
 
Trans-2-butene -11000 -249.20 90.38  
 
Cis-2-butene -7400 -244.51 82.16  
 
 
-6300 -255.84 86.98  
 
Pentene 
   
 
 
1-pentene -21300 -355.07 113.11  
 
Trans-2-pentene -31100 -388.76 111.84  
 
Cis-2-pentene -26300 -334.73 105.52  
 
2-methyl-2-butene -40800 -343.45 108.97  
 
2-methyl-1-butene -34900 -342.45 114.47  
 
3-methyl-1-butene -27600 -347.48 121.51  
 
 
-30333 -351.99 112.57  
 
Hexene 
   
 
 
1-hexene -42000 -434.68 135.67  
 
cis-2-hexene -50300 -433 130.09  
 
trans-2-hexene -53300 -434.68 136.29  
 
cis-3-hexene -47300 -441.72 129.65  
 












-70000 -453.8 127.33  
 
2-ethyl-1-butene -56000 -441.39 137.44  
 
 
-54789 -444.78 134.64  
 
Heptene 
   
 
 
1-heptene -62800 -529.6 159.43  
 
Octene 
   
 
 
1-Octene -83600 -626.53 183.84  
 
Nonene 
   
 
 
1-Nonene -104000 -723.8 206.59  
 
Decene 
   
 
 
1-Decene -124690 -820.12 233.1  
 
    
 
 
Reactions at 298 K 
   
 
 
Reactants    Product  
ethene-ethene -111300 -148.55 -0.86 C4  
propene-ethene -102533 -155.80 3.65 C5  
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butene-ethene -100989 -135.30 3.73 C6  
propene-propene -94189 -159.68 4.65 C6  
pentene-ethene -84967 -123.97 2.94 C7  
butene-propene -76200 -131.21 7.45 C7  
hexene-ethene -81311 -128.11 5.28 C8  
pentene-propene -72967 -131.99 6.28 C8  
butene-butene -71000 -114.86 9.87 C8  
heptene-ethene -93700 -140.56 3.24 C9  
hexene-propene -68911 -136.47 6.96 C9  
pentene-butene -67367 -115.97 7.04 C9  
octene-ethene -93590 -139.95 5.34 C10  
heptene-propene -81590 -147.97 8.68 C10  
hexene-butene -63601 -119.50 11.48 C10  
pentene-pentene -64023 -116.14 7.96 C10      
 
 
Reactions at 643 K 
   
 
 
Reactants    Product Equilibrium 
constants 
ethene-ethene -111598 -149 -15655 C4 18.7 
propene-ethene -101273 -153 -2903 C5 1.72 
butene-ethene -99703 -132 -14549 C6 15.2 
propene-propene -92585 -156 7790 C6 0.232 
pentene-ethene -83954 -122 -5696 C7 2.90 
butene-propene -73629 -125 7056 C7 0.267 
hexene-ethene -79490 -124 272 C8 0.950 
pentene-propene -70801 -127 10965 C8 0.129 
butene-butene -67595 -107 1377 C8 0.773 
heptene-ethene -92584 -138 -3806 C9 2.04 
hexene-propene -66510 -131 17799 C9 0.0358 
pentene-butene -64939 -111 6152 C9 0.316 
octene-ethene -91749 -136 -4403 C10 2.28 
heptene-propene -78597 -141 12258 C10 0.101 
hexene-butene -59641 -111 11523 C10 0.116 
pentene-pentene -61277 -110 9465 C10 0.170 
 
The relative oligomerisation rates between the various oligomerisation-cracking 
equations were obtained directly from previous work by Lukyanov and co-workers (26) further 






7.5. Modelling methodology 
The estimation of parameters was carried out in a stepwise manner. The equilibrium 
constant for the methanol dehydration step was obtained following the correlation given with 
temperature by Aguayo and co-workers (14, 32).  
𝐾𝑝 = 𝑒𝑥𝑝 [−9.76 +
3200
𝑇
+ 1.07 ∙  𝑙𝑜𝑔𝑇 − 0.66 × 10−3 ∙ 𝑇 + 0.49 × 10−7 ∙ 𝑇2 +
6500
𝑇2
]       (7.13)   
The model was initialised with the equilibration of methanol to DME and water at very 
low contact times. The model was made to fit experimental data by varying the rate constant 
of the forward reaction of one adsorbed methanol molecule and one gaseous molecule. 
Subsequent backward rate constant was calculated from the equilibrium constant of the 
methanol dehydration reaction. This was to ensure thermodynamic consistency and reduce 
the number of parameters obtained by regression. Next, the rate constants for the direct 
formation of ethylene from DME and propylene from methanol and DME were estimated. 
Thereafter, methylation of olefins was next initialised at relatively higher contact times before 
subsequent oligomerisation/cracking equilibration reactions. The rates of oligomerisation were 
fixed using previous work by Lukyanov and co-workers (26) and thermodynamic consistency 
was ensured using equilibrium constants to fix the rate of cracking reactions. Thereafter, the 
rate constants for hydrogen transfer and cyclisation of C6 – C10 olefins were obtained and 
aromatic methylation and dealkylation constants were estimated. The rate of methylation of 
olefins and aromatics with methanol were separated from methylation with DME in agreement 
















7.6. Results and discussion 
7.6.1. Rate analysis  
The conversion profile with contact time, 𝜏 was fitted using a logistic function (Fig. 1):  






























Fig. 7.1: The conversion of methanol with contact time over ZSM-5 catalysts (Si/Al = 34) at 
370 °C 
The S-shaped profile of methanol conversion with contact time signifies that the reaction 
is autocatalytic (34). After 7 min TOS, steady-state conditions are established before 
experimental studies were conducted. The minimum contact time required for the initiation of 
the reaction represents the concentration of accumulated reactive species necessary to 
initiate the jump in conversions. This concentration is determined by temperature, zeolite Si/Al 
ratio and the length of the induction period as shown in chapters 5 and 6.  







                                                                                                                                  (7.14) 
 
7.6.2. Estimation of transport effects 
The various criteria (34, 35) for checking for the absence of internal mass transfer 
(Weisz-Prater), external mass transfer (Carberry number), internal and external heat transfer 
(Prater numbers) are evaluated mostly for conditions where the order of the reaction is known.  
For autocatalytic reactions consisting of many chemistries such as those involved in MTH 
conversion, the order of reaction varies with contact time. For instance, at low contact times, 
the effect of transport artefacts on primary olefin formation can be evaluated where these 
chemistries are exclusive to this region. With increasing contact times and conversion, various 
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chemistries can be evaluated: olefin methylation with methanol or DME, olefin oligomerisation 
and cracking, hydrogen transfer and cyclisation, aromatic methylation and dealkylation and 
paraffin cracking and dealkylation. For each specific chemistry, the order of reaction must be 
evaluation with contact time or conversion. Thereafter, the effect of transport on each 
chemistry can be evaluated using the various criteria described above. 
Nonetheless, an assumption of first order reaction can be made such that transport 
effects can be predicted. The various criteria have been given in equations 3.14 – 3.17 in 
chapter 3. Firstly, rates obtained in equation 7.14 are given in gfeedgcat-1s-1 and are converted 
to molfeedmcat3s-1 using the molecular weight of the feed mixture (29.02 gfeed molfeed-1), density 
of the solid catalyst (2.2 × 106 gcat mcat-3) and assumed particle porosity (0.5). Secondly, the 
concentration of species were obtained after converting the respective weight fractions to mole 
fractions for use in the ideal gas equation at GC-FID conditions (TFID = 453 K). The 
concentrations in the reactor (Treactor = 643 K) is then estimated thereafter. Weisz number is 
estimated according to equation 3.16, the Carberry number is estimated according to 3.14, 
internal Prater number according to 3.17 and external Prater number according to equation 
3.15. Catalyst and reaction parameters are given in table 7.3 and the ensuing transport 
parameters estimated at the pellet level are given in table 7.4.  
Table 7.3: Catalyst and reaction parameters used for transport effect estimation at 370 °C 
Parameter Value Unit 
Average pellet diameter 375 µm 
Porosity 0.5 - 
Constriction factor 0.5 - 
Tortuosity 3 - 
Gaseous diffusivity 6.195 × 10-6 m2 s-1 
Effective diffusivity 5.163 × 10-6 m2 s-1 
Specific external surface area  16000 m2 m-3 
Si/Al ratio 34 - 
Sherwood number (Sh) 2 (assumed) - 
Mass transfer coefficient 0.0275 m s-1 
Nusselt number (Nu) 2 (assumed) - 
Heat transfer coefficient 2167.89 W m-2 K-1 
Effective thermal conductivity 0.4065 W m-1 K-1 
Activation Energy, Ea* 153 kJ mol-1 
Heat of reaction, (-ΔHr)^ 44.73 J mol-1 
* Obtained from Qi et al. (36) assuming the kinetics of the first carbon-carbon bond is rate-
limiting 
^ Obtained from Chang and Silvestri (1) 
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Table 7.4: Transport (Weisz, Carberry, Internal and External Prater numbers) parameters at 
370 °C 
Contact time,  









(× 10-5), - 
External Prater 
(× 10-3), - 
0.463 0.0034 0.27 0.80 2.90 1.29 
0.632 0.0095 0.34 1.01 3.65 1.62 
0.855 0.021 0.41 1.24 4.53 2.01 
1.166 0.0491 0.51 1.54 5.57 2.47 
2.116 0.1441 0.70 2.10 7.63 3.38 
4.345 0.3766 0.76 2.27 8.12 3.60 
8.798 0.7873 0.42 1.25 4.52 2.00 
11.528 0.9083 0.27 0.81 2.95 1.31 
 
For intrinsic kinetic parameters, the Weisz, Carberry, internal and external Prater 
parameters, assuming first order kinetics, should be lower than 0.15, 0.05, 0.1, and 0.05 
respectively. Table 7.4 shows that the data supplied were obtained under internal and external 
mass transport limitations at the pellet scale.   
A more descriptive model can be obtained using a combination of the Maxwell-Stefan 
equations (where molecular diffusion persists) or the dusty gas model (where molecular and 
Knudsen diffusion are predominant) along with the equation of continuity for multi-component 
mixtures, bootstrap conditions linking the various stoichiometry and boundary equations. This 
model would result in coupled ordinary differential equations at steady-state describing the 
transport and reaction of species across the porous zeolite and its boundary layer.  
 
7.6.3. Comparing model with experiment 
Figure 7.2 shows the results of comparing experiment to model leading to parameter 
estimates. A very good agreement is obtained for methanol, DME, water, olefins, aromatics 
and paraffins. At low contact times, paraffins and aromatics are generally underestimated. 
This is probably due to higher measurement errors associated with acquiring data at such very 
small paraffin and aromatic mass fractions. Nonetheless, the model reproduces the trend 











Fig. 7.2: Graphs showing initial comparisons of models to experiments for (a) initial 






7.6.3.1. Equilibration reaction 
The equilibration reaction is given as:  
𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 ⇌  𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂  
The rate of formation of DME and water was estimated, and then thermodynamic 
considerations as described in section 7.5 were used to estimate the equilibration rate 
constants. The rate of the backward reaction i.e. the formation of methanol from DME and 
water was then obtained from the forward reaction and the constraining effect from 
thermodynamic considerations. A forward rate constant of 0.0185 mol g-1 s-1 bar-1 and a 
backward rate constant of 0.0032 mol g-1 s-1 bar-1 were obtained.  
 
7.6.3.2. Olefin formation 
Olefin formation was described via the direct route: 
𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 →  𝐶3𝐻6 ∙ 𝐻𝑍 + 2𝐻2𝑂 
 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐻2𝑂 
Here, the direct transformation of DME to ethylene was described and the co-reaction 
of DME and methanol was described to obtain propylene. The direct formation of propylene 
from methanol and DME was 5.5 times faster than the direct formation of ethylene from DME.  
 
7.6.3.3. Olefin methylation 
Olefin methylation by methanol or DME go according to:  
𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 +  𝐶𝑛𝐻2𝑛 ⟶ 𝐶𝑛+1𝐻2𝑛+2 ∙ 𝐻𝑍 + 𝐻2𝑂                    2 ≤ 𝑛 ≤ 10  
𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 +  𝐶𝑛𝐻2𝑛 ⟶ 𝐶𝑛+1𝐻2𝑛+2 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻         2 ≤ 𝑛 ≤ 10 
The methylation of olefins by methanol was distinguished from olefin methylation by 
DME. Firstly, the ratios of the methylation of olefins (C2:C3:C4:C5:C6) with methanol was 
1:2:4:9:15. The rate of olefin methylation with DME was higher than methanol by a factor of 
3.5. For C6 – C10 olefins, the rate of methylation stayed constant and was higher than the 
methylation of ethylene by a factor of 15. The rates of methylation of ethylene was observed 
to be higher than its direct formation by a factor of 10.  
 
7.6.3.4. Olefin oligomerisation and cracking 
Olefin oligomerisation and cracking reactions occur according to:  
𝐶𝑛𝐻2𝑛 ∙ 𝐻𝑍 + 𝐶𝑚𝐻2𝑚 ⇌ 𝐶𝑛+𝑚𝐻2𝑛+2𝑚 ∙ 𝐻𝑍     
2 ≤  𝑛 ≤ 5, 2 ≤ 𝑚 ≤ 5, 𝑛 + 𝑚 ≤ 10, 2𝑛 + 2𝑚 ≤ 20 
The olefin oligomerisation constants were described relative to the oligomerisation of 
two ethylene molecules. These relations between several oligomerisation constants were 
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obtained from previous work of Lukyanov and co-workers (26). The equilibrium constants 
relating the oligomerisation to cracking reaction rate constants were obtained following 
thermodynamic considerations. The cracking rate constants were obtained sequentially 
following the estimated oligomerisation constants and thermodynamic equilibrium constants. 
It was possible to describe the oligomerisation/cracking constants without the need for the 
oligomerisation of two butene molecules leading to octene, one pentene and butene molecule 
leading to nonene and two pentene molecules leading to decene. This led to a reduction of 
the general model by 6 rate constants.  To fit the experiments to model, deviations from the 
equilibrium constant were observed for C6 – C10 olefins. This is probably due to the competing 
hydrogen transfer and cyclisation reactions and methylation reactions.  
The slowest oligomerisation reaction of two ethylene molecules was higher than the 
direct formation of ethylene by a factor of 24. The rates of oligomerisation were observed to 
increase with chain length in accordance to the previous work of Lukyanov and co-workers 
(26). The rate of olefin cracking also increase with chain length in the ratio of 1:145975 from 
butene to decene cracking.   
 
7.6.3.5. Hydrogen transfer and Cyclisation 
Hydrogen transfer and cyclisation reactions occur according to:  
𝐶𝑛𝐻2𝑛 ∙ 𝐻𝑍 + 3𝐶𝑚𝐻2𝑚 ⟶ 𝐴𝑟𝐶𝑞𝐻2𝑞+1 ∙ 𝐻𝑍 + 3𝐶𝑚𝐻2𝑚+2  
𝐴𝑟 =  𝐶6𝐻5, 6 ≤ 𝑛 ≤ 10, 𝑞 = 𝑛 − 6, 2 ≤ 𝑚 ≤ 10  
C6 - C10 olefins are further converted to a range of C6 - C10 aromatics and paraffins 
following hydrogen transfer and cyclisation between two olefins. The rate of hydrogen transfer 
and cyclisation increased with chain length of the first olefin. For a specific olefin chain length, 
the rate of hydrogen transfer and cyclisation also increased with an increase in the chain 
length of the second olefin.  
Hydrogen transfer and cyclisation rates between olefins were relatively fast. Hexene 
showed the lowest hydrogen transfer and cyclisation rates but was higher than ethylene 
methylation rates with methanol by a factor of 1820, ethylene oligomerisation rates by a factor 
660 and the direct formation of ethylene by a factor of 16130.  
It was observed that the hydrogen transfer and cyclisation between two olefins can not 
sufficiently describe the low contact time data observed for paraffins and aromatics. Recently, 
a newly discovered hydrogen transfer pathway between methanol and olefins leading to the 
formation of aromatics and paraffins has been shown to occur in concert between Brønsted 
and Lewis acid sites and faster than the pathway between two olefins (37). Although the 
chemistry was described in sufficient detail, the mechanism was not quantitatively evaluated. 
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It is envisaged that such fast chemistries would describe the formation of aromatics and 
paraffins at low contact times.  
 
7.6.3.6. Aromatic methylation 
Aromatic methylation occurs through the following reactions:  
𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 + 𝐴𝑟𝐶𝑛𝐻2𝑛+1 ⟶  𝐴𝑟𝐶𝑛+1𝐻2(𝑛+1)+1 ∙ 𝐻𝑍 + 𝐻2𝑂    0 ≤ 𝑛 ≤ 4;   𝐴𝑟 =  𝐶6𝐻5, 
𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐴𝑟𝐶𝑛𝐻2𝑛+1 ⟶  𝐴𝑟𝐶𝑛+1𝐻2(𝑛+1)+1 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻    0 ≤ 𝑛 ≤ 4 
Aromatic methylation by methanol was distinguished from methylation by DME. Firstly, 
the ratios of the methylation of aromatics (C6:C7:C8:C9) with methanol was 10:10:1:2 to 
produce xylene as the major aromatic during the conversion of methanol to hydrocarbons at 
370 °C. Aromatic methylation with DME was higher than methanol by a factor of 2.5. Aromatic 
methylation rates with methanol were higher than ethylene formation rates by a factor of 260.  
 
7.6.3.7. Aromatic dealkylation 
The aromatic dealkylation chemistry goes mainly according to:  
𝐴𝑟𝐶𝑛𝐻2𝑛+1𝐻𝑍 ⟶ 𝐴𝑟 𝐻 ∙ 𝐻𝑍 + 𝐶𝑛𝐻2𝑛     
2 ≤ 𝑛 ≤ 4, 𝐴𝑟 =  𝐶6𝐻5 
Cracking of aromatics (C8 – C10) increased with carbon chain length. For 
tetramethylbenzene, cracking into benzene and butene was faster than toluene and propylene 
which was subsequently faster than xylene and ethylene.  The ratio of cracking rates of xylene, 
trimethylbenzene and tetramethylbenzene all leading to ethylene and the corresponding 
aromatics (benzene, toluene and xylene respectively) was 1:10:200. Xylene dealkylation 
(cracking) rates were in the same magnitude as ethylene formation rates.  
 
7.6.3.8. Paraffin cracking 
Only cracking of ethane to ethylene and hydrogen was dominant at the reaction 
temperature considered. 
𝐶2𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐻2 
Thus, 44 rate constants describing the transformation of C3 – C10 paraffins were 
redundant in the model. The rate of ethane cracking was faster than direct ethylene formation 
by six orders of magnitude.  
 
7.6.3.9. Paraffin alkylation 
The major paraffin alkylation reaction occurred according to:  
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𝐶𝑛𝐻2𝑛+2 + 𝐶𝑚𝐻2𝑚 ∙ 𝐻𝑍 ⟶ 𝐶𝑛𝐻2𝑛 ∙ 𝐻𝑍 + 𝐶𝑚𝐻2𝑚+2 
𝑛 = 2, 3 ≤ 𝑚 ≤ 10 
It was also observed that the alkylation of C3 – C10 paraffins by olefins were negligible 
during MTH reaction at 370 °C. This led to a redundancy of 64 constants. The alkylation of 
ethane with olefins were an order of magnitude smaller than ethane cracking and five orders 
of magnitude faster than direct ethylene formation.  
 
7.6.4. Parameter estimation 
The reduction in oligomerisation/cracking constants by 6 parameters, paraffin cracking 
constants by 44 parameters and paraffin alkylation constants by 64 parameters, a focus on 
the direct pathways (reduction of 5 parameters) and removal of decomposition products due 
to lack of experimental data (reduction of 2 parameters) led to a much-reduced model of 114 
parameters to describe MTH conversion at 370 °C. Of these, 16 parameters were constrained 
to thermodynamic considerations and controlled by equilibrium constants. Thus, MTH 
conversion at 370 °C can be controlled by 98 parameters. This reduced model is one third the 
initial size of the general model used initially to describe MTH conversion  
The initial parameter estimation conducted manually gives good fit to data requiring few 
parameters such as the distribution of methanol, DME and water and the formation of 
aromatics. The distribution of methanol, DME and water are controlled by the initial 
equilibration reaction parameters, olefin methylation and aromatic methylation totalling 28 
parameters. This number is reduced to 16 parameters given that the methylation with DME of 
olefins or aromatics was obtained by multiplying their methylation values with methanol with 
3.5 and 2.5 respectively.  The distribution of aromatics on the other hand are controlled by 
methylation, cracking and hydrogen transfer reactions totalling 59 parameters. This number is 
reduced to 55 given that a DME factor of 2.5 was multiplied to methanol methylation of C6 – 
C10 aromatics. Olefins and paraffins are controlled by methylation, hydrogen transfer, paraffin 
cracking and alkylation reactions which constitute a significant proportion of the total number 
of parameters.  
Of the 11 chemistries described above, hydrogen transfer and cyclisation, aromatic 
methylation and dealkylation rates of higher aromatics, paraffin cracking and alkylation rates 
were predominantly very fast steps. They occur at a rate several orders of magnitude higher 
than much slower steps such as the equilibration step, the direct formation of ethylene and 
propylene and olefin methylation steps (Table 7.5). These observations lead to the conclusion 
that the olefin cycle controls product distribution of the conversion of methanol to hydrocarbons 




Table 7.5: Estimated parameters used to describe MTH conversion at 370 °C 
Constants Value Rate equation 
k1f  0.0185 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 →  𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂 
k1b  0.003224 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂 →  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 
k4d 0.0034 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 →  𝐶3𝐻6 ∙ 𝐻𝑍 + 2𝐻2𝑂 
k5d 0.00062 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐻2𝑂 
k8 0.0055 𝐶2𝐻4 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 →  𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐻2𝑂 
k9 0.0086 𝐶3𝐻6 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐻2𝑂 
k10 0.0241 𝐶4𝐻8 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐻2𝑂 
k11 0.0483 𝐶5𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐻2𝑂 
k12 0.0828 𝐶6𝐻12 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐻2𝑂 
k13 0.0825 𝐶7𝐻14 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐻2𝑂 
k14 0.0825 𝐶8𝐻16 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐻2𝑂 
k15 0.0825 𝐶9𝐻18 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐻2 
k16 0.01925 𝐶2𝐻4 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶3𝐻6 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k17 0.0301 𝐶3𝐻6 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶4𝐻8 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k18 0.08435 𝐶4𝐻8 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶5𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k19 0.16905 𝐶5𝐻10 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶6𝐻12 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k20 0.2898 𝐶6𝐻12 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶7𝐻14 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k21 0.28875 𝐶7𝐻14 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶8𝐻16 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k22 0.28875 𝐶8𝐻16 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶9𝐻18 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k23 0.28875 𝐶9𝐻18 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶10𝐻20 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k24f 0.015 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶2𝐻4 → 𝐶4𝐻8 ∙ 𝐻𝑍 
k24b 0.000802 𝐶4𝐻8 ∙ 𝐻𝑍 → 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k25f 0.255   𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶2𝐻4 → 𝐶5𝐻10 ∙ 𝐻𝑍 
k25b 0.148161 𝐶5𝐻10 ∙ 𝐻𝑍 →   𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k26f 0.495 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶2𝐻4 → 𝐶6𝐻12 ∙ 𝐻𝑍 
k26b 0.032559 𝐶6𝐻12 ∙ 𝐻𝑍 → 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k27f 0.54   𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶3𝐻6 → 𝐶6𝐻12 ∙ 𝐻𝑍 
k27b 1.08 𝐶6𝐻12 ∙ 𝐻𝑍 →   𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶3𝐻6 
k28f 0.495 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶2𝐻4 → 𝐶7𝐻14 ∙ 𝐻𝑍 
k28b 1.43654 𝐶7𝐻14 ∙ 𝐻𝑍 → 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k29f 2.385   𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶3𝐻6 → 𝐶7𝐻14 ∙ 𝐻𝑍 
k29b 89.25898 𝐶7𝐻14 ∙ 𝐻𝑍 →   𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶3𝐻6 
k30f 3.465 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶2𝐻4 → 𝐶8𝐻16 ∙ 𝐻𝑍 
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k30b 36.4545 𝐶8𝐻16 ∙ 𝐻𝑍 → 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k31f 3.465   𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶3𝐻6 → 𝐶8𝐻16 ∙ 𝐻𝑍 
k31b 26.94401 𝐶8𝐻16 ∙ 𝐻𝑍 →   𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶3𝐻6 
k33f 3.465   𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶2𝐻4 → 𝐶9𝐻18 ∙ 𝐻𝑍 
k33b 2.31 𝐶9𝐻18 ∙ 𝐻𝑍 →   𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k34f 3.465 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶3𝐻6 → 𝐶9𝐻18 ∙ 𝐻𝑍 
k34b 96.78771 𝐶9𝐻18 ∙ 𝐻𝑍 → 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶3𝐻6 
k36f 3.465 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶2𝐻4 → 𝐶10𝐻20 ∙ 𝐻𝑍 
k36b 1.520671 𝐶10𝐻20 ∙ 𝐻𝑍 → 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k37f 3.465   𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶3𝐻6 → 𝐶10𝐻20 ∙ 𝐻𝑍 
k37b 34.30693 𝐶10𝐻20 ∙ 𝐻𝑍  𝐶7 → 𝐻14 ∙ 𝐻𝑍 + 𝐶3𝐻6 
k38f 13.86   𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶4𝐻8 → 𝐶10𝐻20 ∙ 𝐻𝑍 
k38b 119.6891 𝐶10𝐻20 ∙ 𝐻𝑍 →   𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶4𝐻8 
k40 0.16 𝐶6𝐻6 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶7𝐻8 ∙ 𝐻𝑍 + 𝐻2𝑂 
k41 0.17 𝐶7𝐻8 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶8𝐻10 ∙ 𝐻𝑍 + 𝐻2𝑂 
k42 0.011 𝐶8𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶9𝐻12 ∙ 𝐻𝑍 + 𝐻2𝑂 
k43 0.031 𝐶9𝐻12 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶10𝐻14 ∙ 𝐻𝑍 + 𝐻2𝑂 
k44 1.4 𝐶6𝐻6 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶7𝐻8 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k45 1.4875 𝐶7𝐻8 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶8𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k46 0.09625 𝐶8𝐻10 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶9𝐻12 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k47 0.27125 𝐶9𝐻12 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶10𝐻14 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
k48 0.0005 𝐶8𝐻10 ∙ 𝐻𝑍 → 𝐶6𝐻6 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k6 0.003 𝐶9𝐻12 ∙ 𝐻𝑍 →  𝐶6𝐻6 ∙ 𝐻𝑍 + 𝐶3𝐻6 
k7 0.006 𝐶9𝐻12 ∙ 𝐻𝑍 → 𝐶7𝐻8. 𝐻𝑍 + 𝐶2𝐻4 
k49 0.1 𝐶10𝐻14 ∙ 𝐻𝑍 → 𝐶8𝐻10 ∙ 𝐻𝑍 + 𝐶2𝐻4 
k50 0.2 𝐶10𝐻14 ∙ 𝐻𝑍 → 𝐶7𝐻8 ∙ 𝐻𝑍 + 𝐶3𝐻6 
k51 0.4 𝐶10𝐻14 ∙ 𝐻𝑍 → 𝐶6𝐻6 ∙ 𝐻𝑍 + 𝐶4𝐻8 
k52 10 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
k53 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
k54 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
k55 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
k56 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
k57 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
k58 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
k59 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
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k60 100 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
k61 750000 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
k62 1200000 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
k63 2.2e08 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
k64 1.2e09 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
k65 6.2e08 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
k66 2.2e08 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
k67 2.2e08 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
k68 2.2e08 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
k69 2.2e08 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
k70 9.6e08 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
k71 1.6e09 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
k72 9.6e09 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
k73 1.6e11 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
k74 1.6e13 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
k75 1.6e13 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
k76 1.6e13 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
k77 1.6e13 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
k78 1.6e13 𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
k79 9.6e08 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
k80 9.6e14 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
k81 9.60e15 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
k82 7.20e19 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
k83 9.60e19 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
k84 9.60e19 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
k85 9.60e19 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
k86 9.60e19 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
k87 9.60e19 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
k88 9.6e09 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
k89 9.6e09 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
k90 9.6e09 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
k91 9.6e12 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
k92 9.6e13 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
k93 9.6e13 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
k94 9.6e13 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
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k95 9.6e13 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
k96 9.6e13 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
k97 600 𝐶2𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐻2 
k142 10 𝐶2𝐻6 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶3𝐻8 
k143 10 𝐶2𝐻6 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶4𝐻10 
k144 10 𝐶2𝐻6 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶5𝐻12 
k145 10 𝐶2𝐻6 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶6𝐻14 
k146 10 𝐶2𝐻6 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶7𝐻16 
k147 10 𝐶2𝐻6 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶8𝐻18 
k148 10 𝐶2𝐻6 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶9𝐻20 
k149 10 𝐶2𝐻6 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
7.6.5. Parameter optimisation 
The reduction of the general model to 98 parameters could be tested by an optimisation 
routine to further reduce the sum of squares error. A preliminary model tested in MATLAB 
(2016b) consisting of up to C6 products with only 42 parameters showed that only a local 
minimum can be reached despite expensive computational costs (time and resource) 
involved. The initial estimates were only marginally reduced.  
In the present model with 98 parameters, the estimated apparent rate constants were 
used as the final parameters. Clearly, there are still many parameters to be fitted. Further work 
could be carried out to reduce the number of parameters by lumping functional groups into 
oxygenates (methanol and DME), water, olefins, paraffins and aromatics. Although this would 
imply a loss in mechanistic information, it could reduce the number of reactions involved to 
which a parameter optimisation routine could be applied.   
 
7.7. Conclusion 
MTH conversion over ZSM-5 catalysts with a Si/Al ratio of 34 has been studied in a fixed 
bed reactor at 370 °C and 1 bar. The model describes the experimental data. Propylene 
formation occurs ca. 5 times faster than ethylene formation. The chemistries involved in the 
olefin cycle namely olefin methylation with methanol and DME and olefin oligomerisation and 
cracking were several orders of magnitude slower than the hydrogen transfer and cyclisation 
steps and aromatic methylation and dealkylation. This leads to the conclusion that the olefin 
cycle controls product distribution as soon as the initial olefins are formed. The rate of olefin 
methylation with DME was 3.5 times faster than with methanol and aromatic methylation with 
DME was 2.5 times faster than with methanol validating the conclusion held in chapter 4 that 




All data supporting this study is provided as supplementary information accompanying 
this paper. Kinetic code supporting this study can be found in the appendix.  
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S7. Supplementary information 
Experimental and kinetic modelling studies of methanol 
conversion to hydrocarbons over zeolite catalysts  
Reaction scheme for MTH transformation 
The reaction scheme described below involves 33 species including nitrogen.  
A. Adsorption and desorption constants 
𝐶𝐻3𝑂𝐻 + 𝐻𝑍 ⇌  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍;                [𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝐾1𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝐶𝐻3𝑂𝐶𝐻3 + 𝐻𝑍 ⇌  𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍;        [𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍] = 𝐾2𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝐻2𝑂 + 𝐻𝑍 ⇌  𝐻2𝑂 ∙ 𝐻𝑍;                            [𝐻2𝑂 ∙ 𝐻𝑍] =  𝐾3𝑃𝐻2𝑂[𝐻𝑍]  
 
Products of methanol and DME decomposition  
𝐶𝐻4 + 𝐻𝑍 ⇌ 𝐶𝐻4 ∙ 𝐻𝑍;                                [𝐶𝐻4 ∙ 𝐻𝑍] = 𝐾4𝑃𝐶𝐻4[𝐻𝑍] 
𝐻2 + 𝐻𝑍 ⇌ 𝐻2 ∙ 𝐻𝑍;                                      [𝐻2 ∙ 𝐻𝑍] = 𝐾5𝑃𝐻2[𝐻𝑍] 
𝐶𝑂 + 𝐻𝑍 ⇌ 𝐶𝑂 ∙ 𝐻𝑍;                               [𝐶𝑂 ∙ 𝐻𝑍] =  𝐾6𝑃𝐶𝑂[𝐻𝑍] 
𝐶𝐻2𝑂 + 𝐻𝑍 ⇌ 𝐶𝐻2𝑂 ∙ 𝐻𝑍;                      [𝐶𝐻2𝑂 ∙ 𝐻𝑍] = 𝐾7𝑃𝐶𝐻2𝑂[𝐻𝑍] 
 
Olefins 
𝐶2𝐻4 + 𝐻𝑍 ⇌  𝐶2𝐻4 ∙ 𝐻𝑍;                            [𝐶2𝐻4 ∙ 𝐻𝑍] =  𝐾8𝑃𝐶2𝐻4[𝐻𝑍] 
𝐶3𝐻6 + 𝐻𝑍 ⇌  𝐶3𝐻6 ∙ 𝐻𝑍;                            [𝐶3𝐻6 ∙ 𝐻𝑍] =  𝐾9𝑃𝐶3𝐻6[𝐻𝑍] 
𝐶4𝐻8 + 𝐻𝑍 ⇌  𝐶4𝐻8 ∙ 𝐻𝑍;                            [𝐶4𝐻8 ∙ 𝐻𝑍] = 𝐾10𝑃𝐶4𝐻8[𝐻𝑍] 
𝐶5𝐻10 + 𝐻𝑍 ⇌  𝐶5𝐻10 ∙ 𝐻𝑍;                         [𝐶5𝐻10 ∙ 𝐻𝑍] = 𝐾11𝑃𝐶5𝐻10[𝐻𝑍] 
𝐶6𝐻12 + 𝐻𝑍 ⇌  𝐶6𝐻12 ∙ 𝐻𝑍;                         [𝐶6𝐻12 ∙ 𝐻𝑍] = 𝐾12𝑃𝐶6𝐻12[𝐻𝑍] 
𝐶7𝐻14 + 𝐻𝑍 ⇌  𝐶7𝐻14 ∙ 𝐻𝑍;                         [𝐶7𝐻14 ∙ 𝐻𝑍] = 𝐾13𝑃𝐶7𝐻14[𝐻𝑍] 
𝐶8𝐻16 + 𝐻𝑍 ⇌  𝐶8𝐻16 ∙ 𝐻𝑍;                         [𝐶8𝐻16 ∙ 𝐻𝑍] = 𝐾14𝑃𝐶8𝐻16[𝐻𝑍] 
𝐶9𝐻18 + 𝐻𝑍 ⇌  𝐶9𝐻18 ∙ 𝐻𝑍;                         [𝐶9𝐻18 ∙ 𝐻𝑍] = 𝐾15𝑃𝐶9𝐻18[𝐻𝑍] 
𝐶10𝐻20 + 𝐻𝑍 ⇌  𝐶10𝐻20 ∙ 𝐻𝑍;                     [𝐶10𝐻20 ∙ 𝐻𝑍] = 𝐾16𝑃𝐶10𝐻20[𝐻𝑍] 
 
Paraffins 
𝐶2𝐻6 + 𝐻𝑍 ⇌  𝐶2𝐻6 ∙ 𝐻𝑍;                             [𝐶2𝐻6 ∙ 𝐻𝑍] = 𝐾17𝑃𝐶2𝐻6[𝐻𝑍] 
𝐶3𝐻8 + 𝐻𝑍 ⇌  𝐶3𝐻8 ∙ 𝐻𝑍;                             [𝐶3𝐻8 ∙ 𝐻𝑍] = 𝐾18𝑃𝐶3𝐻8[𝐻𝑍] 
𝐶4𝐻10 + 𝐻𝑍 ⇌  𝐶4𝐻10 ∙ 𝐻𝑍;                         [𝐶4𝐻10 ∙ 𝐻𝑍] = 𝐾19𝑃𝐶4𝐻10[𝐻𝑍] 
𝐶5𝐻12 + 𝐻𝑍 ⇌  𝐶5𝐻12 ∙ 𝐻𝑍;                         [𝐶5𝐻12 ∙ 𝐻𝑍] = 𝐾20𝑃𝐶5𝐻12[𝐻𝑍] 
𝐶6𝐻14 + 𝐻𝑍 ⇌  𝐶6𝐻14 ∙ 𝐻𝑍;                         [𝐶6𝐻14 ∙ 𝐻𝑍] = 𝐾21𝑃𝐶6𝐻14[𝐻𝑍] 
𝐶7𝐻16 + 𝐻𝑍 ⇌  𝐶7𝐻16 ∙ 𝐻𝑍;                         [𝐶7𝐻16 ∙ 𝐻𝑍] = 𝐾22𝑃𝐶7𝐻16[𝐻𝑍] 
𝐶8𝐻18 + 𝐻𝑍 ⇌  𝐶8𝐻18 ∙ 𝐻𝑍;                         [𝐶8𝐻18 ∙ 𝐻𝑍] = 𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
𝐶9𝐻20 + 𝐻𝑍 ⇌  𝐶9𝐻20 ∙ 𝐻𝑍;                         [𝐶9𝐻20 ∙ 𝐻𝑍] = 𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝐶10𝐻22 + 𝐻𝑍 ⇌  𝐶10𝐻22 ∙ 𝐻𝑍;                     [𝐶10𝐻22 ∙ 𝐻𝑍] = 𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
 
Intermediates 
𝐶3𝐻8𝑂2 + 𝐻𝑍 ⇌  𝐶3𝐻8𝑂2 ∙ 𝐻𝑍;                  [𝐶3𝐻8𝑂2 ∙ 𝐻𝑍] = 𝐾26𝑃𝐶3𝐻8𝑂2[𝐻𝑍] 








𝐶6𝐻6 + 𝐻𝑍 ⇌  𝐶6𝐻6 ∙ 𝐻𝑍;                             [𝐶6𝐻6 ∙ 𝐻𝑍] = 𝐾28𝑃𝐶6𝐻6[𝐻𝑍] 
𝐶7𝐻8 + 𝐻𝑍 ⇌  𝐶7𝐻8 ∙ 𝐻𝑍;                             [𝐶7𝐻8 ∙ 𝐻𝑍] = 𝐾29𝑃𝐶7𝐻8[𝐻𝑍]  
𝐶8𝐻10 + 𝐻𝑍 ⇌  𝐶8𝐻10 ∙ 𝐻𝑍;                          [𝐶8𝐻10 ∙ 𝐻𝑍] = 𝐾30𝑃𝐶8𝐻10[𝐻𝑍] 
𝐶9𝐻12 + 𝐻𝑍 ⇌  𝐶9𝐻12 ∙ 𝐻𝑍;                          [𝐶9𝐻12 ∙ 𝐻𝑍] = 𝐾31𝑃𝐶9𝐻12[𝐻𝑍] 
𝐶10𝐻14 + 𝐻𝑍 ⇌  𝐶10𝐻14 ∙ 𝐻𝑍;                       [𝐶10𝐻14 ∙ 𝐻𝑍] = 𝐾32𝑃𝐶10𝐻14[𝐻𝑍] 
 
Nitrogen is the carrier gas and does not adsorb on the surface of the ZSM-5 zeolite catalysts. 
Here, [HZ] represents an empty Brønsted acid site. It is assumed that basic and Lewis acid 
sites do not participate in the reaction.  
Consequently,  
[𝐻𝑍] + [𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] + [𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍] + [𝐻2𝑂 ∙ 𝐻𝑍] +  [𝐶𝐻4 ∙ 𝐻𝑍] + [𝐻2 ∙ 𝐻𝑍] + [𝐶𝑂 ∙ 𝐻𝑍]
+ [𝐶𝐻2𝑂 ∙ 𝐻𝑍] + [𝐶2𝐻4 ∙ 𝐻𝑍] + [𝐶3𝐻6 ∙ 𝐻𝑍] + [𝐶4𝐻8 ∙ 𝐻𝑍] + [𝐶5𝐻10 ∙ 𝐻𝑍]
+ [𝐶6𝐻12 ∙ 𝐻𝑍] + [𝐶7𝐻14 ∙ 𝐻𝑍] + [𝐶8𝐻16 ∙ 𝐻𝑍] +  [𝐶9𝐻18 ∙ 𝐻𝑍] + [𝐶10𝐻20 ∙ 𝐻𝑍]
+ [𝐶2𝐻6 ∙ 𝐻𝑍] + [𝐶3𝐻8 ∙ 𝐻𝑍] + [𝐶4𝐻10 ∙ 𝐻𝑍] + [𝐶5𝐻12 ∙ 𝐻𝑍] + [𝐶6𝐻14 ∙ 𝐻𝑍]
+ [𝐶3𝐻8𝑂2 ∙ 𝐻𝑍] + [𝐶4𝐻10𝑂2 ∙ 𝐻𝑍] + [𝐶7𝐻16 ∙ 𝐻𝑍] + [𝐶8𝐻18 ∙ 𝐻𝑍] + [𝐶9𝐻20 ∙ 𝐻𝑍]
+ [𝐶10𝐻22 ∙ 𝐻𝑍]  + [𝐶6𝐻6 ∙ 𝐻𝑍] + [𝐶7𝐻8 ∙ 𝐻𝑍] + [𝐶8𝐻10 ∙ 𝐻𝑍] + [𝐶9𝐻12 ∙ 𝐻𝑍]
+ [𝐶10𝐻14 ∙ 𝐻𝑍] = 1 
[𝐻𝑍] =  
1




























𝑃𝑖 = 𝑥𝑖𝑃𝑎𝑣𝑔;  𝑃𝑎𝑣𝑔 = 1 𝑏𝑎𝑟 
Pavg is the inlet pressure through the reactor.  
[𝐻𝑍] =  
1
































The following reaction scheme is valid for the whole range of conversions. In the following 
reaction scheme below, 𝑟𝑖𝑓 , 𝑟𝑖𝑏 represents the rate of the forward reaction and the rate of the 
reverse reaction of step i 
1. Equilibration of methanol, DME and water 
𝑟1𝑓 , 𝑟1𝑏;   𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 ⇌  𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐻2𝑂  
 
2. Decomposition of methanol  
𝑟2;  𝐶𝐻3𝑂𝐻 ⟶ 𝐶𝑂 + 2𝐻2 
 
3. Decomposition of DME  
𝑟3;  𝐶𝐻3𝑂𝐶𝐻3  →  𝐶𝐻2𝑂 + 𝐶𝐻4 
 
4. Indirect formation of ethylene and propylene 
Through the oxygenate pool  
𝑟𝑜𝑥1; 𝐶𝐻3𝑂𝐶𝐻3 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶3𝐻8𝑂2. 𝐻𝑍 + 𝐶𝐻4 
𝑟𝑜𝑥2; 𝐶3𝐻8𝑂2 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐶𝐻3  → 𝐶4𝐻10𝑂2 ∙ 𝐻𝑍 +  𝐶𝐻3𝑂𝐻 
𝑟𝑜𝑥3; 𝐶3𝐻8𝑂2 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 → 𝐶4𝐻10𝑂2 ∙ 𝐻𝑍 +  𝐻2𝑂 
 
𝑟4𝑖𝑑;  𝐶4𝐻10𝑂2 ∙ 𝐻𝑍 →  𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐻2𝑂 + 𝐶𝐻2𝑂 
𝑟5𝑖𝑑;  𝐶4𝐻10𝑂2 ∙ 𝐻𝑍 →  𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐻2 + 2𝐶𝐻2𝑂 
 
Direct formation of propylene and ethylene 
𝑟4𝑑;  𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 + 𝐶𝐻3𝑂𝐻 →  𝐶3𝐻6 ∙ 𝐻𝑍 + 2𝐻2𝑂 
𝑟5𝑑; 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐻2𝑂 
 
5. Olefin methylation with methanol 
𝑟8;   𝐶2𝐻4 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 →  𝐶3𝐻6 ∙ 𝐻𝑍 +  𝐻2𝑂  
𝑟9;   𝐶3𝐻6 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟10;  𝐶4𝐻8 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟11;  𝐶5𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟12;  𝐶6𝐻12 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟13;   𝐶7𝐻14 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟14;  𝐶8𝐻16 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟15;  𝐶9𝐻18 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐻2𝑂 
 
6. Olefin methylation with DME 
𝑟16;  𝐶2𝐻4 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶3𝐻6 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍  
𝑟17;  𝐶3𝐻6 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶4𝐻8 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟18;  𝐶4𝐻8 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶5𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟19; 𝐶5𝐻10 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶6𝐻12 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟20;  𝐶6𝐻12 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶7𝐻14 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟21;  𝐶7𝐻14 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶8𝐻16 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟22;  𝐶8𝐻16 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶9𝐻18 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
210 
 
𝑟23;  𝐶9𝐻18 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 →  𝐶10𝐻20 +  𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
 
7. Oligomerisation and cracking of heavier olefins  
𝑟24𝑓, 𝑟24𝑏;   𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶2𝐻4 ⇌ 𝐶4𝐻8 ∙ 𝐻𝑍    
𝑟25𝑓, 𝑟25𝑏;   𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶2𝐻4 ⇌ 𝐶5𝐻10 ∙ 𝐻𝑍 
𝑟26𝑓, 𝑟26𝑏;   𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶2𝐻4 ⇌ 𝐶6𝐻12 ∙ 𝐻𝑍 
𝑟27𝑓, 𝑟27𝑏;   𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶3𝐻6 ⇌ 𝐶6𝐻12 ∙ 𝐻𝑍 
𝑟28𝑓, 𝑟28𝑏;   𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶2𝐻4 ⇌ 𝐶7𝐻14 ∙ 𝐻𝑍 
𝑟29𝑓, 𝑟29𝑏;    𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶3𝐻6 ⇌ 𝐶7𝐻14 ∙ 𝐻𝑍 
𝑟30𝑓, 𝑟30𝑏;   𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶2𝐻4 ⇌ 𝐶8𝐻16 ∙ 𝐻𝑍 
𝑟31𝑓, 𝑟31𝑏;   𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶3𝐻6 ⇌ 𝐶8𝐻16 ∙ 𝐻𝑍    
𝑟32𝑓, 𝑟32𝑏;   𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶4𝐻8 ⇌ 𝐶8𝐻16 ∙ 𝐻𝑍 
 
𝑟33𝑓, 𝑟33𝑏;   𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶2𝐻4 ⇌ 𝐶9𝐻18 ∙ 𝐻𝑍 
𝑟34𝑓, 𝑟34𝑏;   𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶3𝐻6 ⇌ 𝐶9𝐻18 ∙ 𝐻𝑍 
𝑟35𝑓, 𝑟35𝑏;   𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶4𝐻8 ⇌ 𝐶9𝐻18 ∙ 𝐻𝑍 
𝑟36𝑓, 𝑟36𝑏;   𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶2𝐻4 ⇌ 𝐶10𝐻20 ∙ 𝐻𝑍 
𝑟37𝑓, 𝑟37𝑏;   𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶3𝐻6 ⇌ 𝐶10𝐻20 ∙ 𝐻𝑍 
𝑟38𝑓, 𝑟38𝑏;   𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶4𝐻8 ⇌ 𝐶10𝐻20 ∙ 𝐻𝑍 
𝑟39𝑓, 𝑟39𝑏;    𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶5𝐻10 ⇌ 𝐶10𝐻20 ∙ 𝐻𝑍 
 
8. Aromatic methylation 
𝑟40; 𝐶6𝐻6 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶7𝐻8 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟41; 𝐶7𝐻8 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶8𝐻10 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟42; 𝐶8𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶9𝐻12 ∙ 𝐻𝑍 + 𝐻2𝑂 
𝑟43; 𝐶9𝐻12 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 → 𝐶10𝐻14 ∙ 𝐻𝑍 + 𝐻2𝑂 
 
𝑟44; 𝐶6𝐻6 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶7𝐻8 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟45; 𝐶7𝐻8 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶8𝐻10 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟46; 𝐶8𝐻10 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶9𝐻12 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
𝑟47; 𝐶9𝐻12 + 𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍 → 𝐶10𝐻14 + 𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍 
 
9. Aromatic dealkylation 
𝑟48; 𝐶8𝐻10 ∙ 𝐻𝑍 → 𝐶6𝐻6 ∙ 𝐻𝑍 + 𝐶2𝐻4 
 
𝑟6;  𝐶9𝐻12 ∙ 𝐻𝑍 →  𝐶6𝐻6 ∙ 𝐻𝑍 + 𝐶3𝐻6 
𝑟7;  𝐶9𝐻12 ∙ 𝐻𝑍 → 𝐶7𝐻8. 𝐻𝑍 + 𝐶2𝐻4 
 
𝑟49;  𝐶10𝐻14 ∙ 𝐻𝑍 → 𝐶8𝐻10 ∙ 𝐻𝑍 + 𝐶2𝐻4 
𝑟50;  𝐶10𝐻14 ∙ 𝐻𝑍 → 𝐶7𝐻8 ∙ 𝐻𝑍 + 𝐶3𝐻6 
𝑟51;  𝐶10𝐻14 ∙ 𝐻𝑍 → 𝐶6𝐻6 ∙ 𝐻𝑍 + 𝐶4𝐻8 
 
10. Olefin aromatisation 
𝑟52;  𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
𝑟53;  𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
𝑟54;  𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
𝑟55;  𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
𝑟56;  𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
𝑟57;  𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
𝑟58;  𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
𝑟59; 𝐶6𝐻12 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶6𝐻6 ∙ 𝐻𝑍 + 3𝐶9𝐻20 




𝑟61;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
𝑟62;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
𝑟63;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
𝑟64;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
𝑟65;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
𝑟66;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
𝑟67;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
𝑟68;  𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
𝑟69; 𝐶7𝐻14 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶7𝐻8 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
 
𝑟70;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
𝑟71;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
𝑟72;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
𝑟73;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
𝑟74;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
𝑟75;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
𝑟76;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
𝑟77;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
𝑟78;  𝐶8𝐻16 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶8𝐻10 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
 
𝑟79; 𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
𝑟80;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
𝑟81;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
𝑟82;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
𝑟83;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
𝑟84;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
𝑟85;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
𝑟86;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
𝑟87;  𝐶9𝐻18 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶9𝐻12 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
 
𝑟88;  𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶2𝐻4 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶2𝐻6 
𝑟89; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶3𝐻6 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶3𝐻8 
𝑟90; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶4𝐻8 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶4𝐻10 
𝑟91; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶5𝐻10 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶5𝐻12 
𝑟92; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶6𝐻12 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶6𝐻14 
𝑟93; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶7𝐻14 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶7𝐻16 
𝑟94; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶8𝐻16 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶8𝐻18 
𝑟95; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶9𝐻18 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶9𝐻20 
𝑟96; 𝐶10𝐻20 ∙ 𝐻𝑍 + 3𝐶10𝐻20 ⟶  𝐶10𝐻14 ∙ 𝐻𝑍 + 3𝐶10𝐻22 
 
11. Paraffin cracking  
𝑟97; 𝐶2𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐻2 
 
𝑟98; 𝐶3𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶𝐻4 
𝑟99;  𝐶3𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐻2 
 
𝑟100;  𝐶4𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟101;  𝐶4𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶𝐻4 
𝑟102;  𝐶4𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐻2 
 
𝑟103;  𝐶5𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟104;  𝐶5𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟105;  𝐶5𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶𝐻4 




𝑟107;  𝐶6𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟108;  𝐶6𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟109;  𝐶6𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟110;  𝐶6𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶𝐻4 
𝑟111;  𝐶6𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐻2 
 
𝑟112;  𝐶7𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟113;  𝐶7𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟114;  𝐶7𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟115;  𝐶7𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟116;  𝐶7𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶𝐻4 
𝑟117;  𝐶7𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐻2 
 
𝑟118;  𝐶8𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟119;  𝐶8𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟120;  𝐶8𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟121;  𝐶8𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟122;  𝐶8𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟123;  𝐶8𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶𝐻4 
𝑟124;  𝐶8𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐻2 
 
𝑟125;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟126;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟127;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟128;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟129;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟130;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟131;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶𝐻4 
𝑟132;  𝐶9𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐻2 
 
𝑟133;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟134;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟135;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟136;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟137;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟138;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟139;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟140;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶𝐻4 
𝑟141;  𝐶10𝐻22 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐻2 
 
12. Hydrogen transfer (Paraffin Alkylation) 
𝑟142;  𝐶2𝐻6 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟143;  𝐶2𝐻6 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟144;  𝐶2𝐻6 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟145;  𝐶2𝐻6 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟146;  𝐶2𝐻6 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟147;  𝐶2𝐻6 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟148;  𝐶2𝐻6 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶9𝐻20 
𝑟149;  𝐶2𝐻6 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶2𝐻4 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟150;  𝐶3𝐻8 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟151;  𝐶3𝐻8 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟152;  𝐶3𝐻8 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶5𝐻12 
213 
 
𝑟153;  𝐶3𝐻8 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟154;  𝐶3𝐻8 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟155;  𝐶3𝐻8 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟156;  𝐶3𝐻8 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶9𝐻20 
𝑟157;  𝐶3𝐻8 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶3𝐻6 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟158;  𝐶4𝐻10 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟159;  𝐶4𝐻10 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟160;  𝐶4𝐻10 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟161;  𝐶4𝐻10 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟162;  𝐶4𝐻10 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟163;  𝐶4𝐻10 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟164;  𝐶4𝐻10 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶9𝐻20 
𝑟165;  𝐶4𝐻10 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶4𝐻8 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟166;  𝐶5𝐻12 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟167;  𝐶5𝐻12 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟168;  𝐶5𝐻12 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟169;  𝐶5𝐻12 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟170;  𝐶5𝐻12 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟171;  𝐶5𝐻12 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟172;  𝐶5𝐻12 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶9𝐻20 
𝑟173;  𝐶5𝐻12 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶5𝐻10 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟174;  𝐶6𝐻14 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟175;  𝐶6𝐻14 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟176;  𝐶6𝐻14 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟177;  𝐶6𝐻14 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟178;  𝐶6𝐻14 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟179;  𝐶6𝐻14 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟180;  𝐶6𝐻14 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶9𝐻20 
𝑟181;  𝐶6𝐻14 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶6𝐻12 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟182;  𝐶7𝐻16 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟183;  𝐶7𝐻16 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟184;  𝐶7𝐻16 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟185;  𝐶7𝐻16 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟186;  𝐶7𝐻16 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟187;  𝐶7𝐻16 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟188;  𝐶7𝐻16 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶9𝐻20 
𝑟189;  𝐶7𝐻16 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶7𝐻14 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟190;  𝐶8𝐻18 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟191;  𝐶8𝐻18 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟192;  𝐶8𝐻18 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟193;  𝐶8𝐻18 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟194;  𝐶8𝐻18 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟195;  𝐶8𝐻18 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟196;  𝐶8𝐻18 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶9𝐻20 
𝑟197;  𝐶8𝐻18 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶8𝐻16 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟198;  𝐶9𝐻20 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟199;  𝐶9𝐻20 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟200;  𝐶9𝐻20 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶4𝐻10 
214 
 
𝑟201;  𝐶9𝐻20 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟202;  𝐶9𝐻20 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟203;  𝐶9𝐻20 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟204;  𝐶9𝐻20 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟205;  𝐶9𝐻20 + 𝐶10𝐻20 ∙ 𝐻𝑍 ⟶ 𝐶9𝐻18 ∙ 𝐻𝑍 + 𝐶10𝐻22 
 
𝑟206;  𝐶10𝐻22 + 𝐶2𝐻4 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶2𝐻6 
𝑟207;  𝐶10𝐻22 + 𝐶3𝐻6 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶3𝐻8 
𝑟208;  𝐶10𝐻22 + 𝐶4𝐻8 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶4𝐻10 
𝑟209;  𝐶10𝐻22 + 𝐶5𝐻10 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶5𝐻12 
𝑟210;  𝐶10𝐻22 + 𝐶6𝐻12 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶6𝐻14 
𝑟211;  𝐶10𝐻22 + 𝐶7𝐻14 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶7𝐻16 
𝑟212;  𝐶10𝐻22 + 𝐶8𝐻16 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶8𝐻18 
𝑟213;  𝐶10𝐻22 + 𝐶9𝐻18 ∙ 𝐻𝑍 ⟶ 𝐶10𝐻20 ∙ 𝐻𝑍 + 𝐶9𝐻20 
 
As shown above, the reaction scheme involves 33 species including nitrogen with 32 
adsorption equilibrium constants, 17 reaction equilibrium constants and 230 rate constants.  
 
C. Rate equations 
Methanol, DME and water equilibration  
𝑟1𝑓 = 𝑘1𝑓[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍]𝑃𝐶𝐻3𝑂𝐻 = 𝑘1𝑓𝐾1𝑃𝐶𝐻3𝑂𝐻
2 [𝐻𝑍]  
𝑟1𝑏 = 𝑘1𝑏[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐻2𝑂 = 𝑘1𝑏𝐾2𝑃𝐶𝐻3𝑂𝐶𝐻3𝑃𝐻2𝑂[𝐻𝑍] 
 
Methanol decomposition  
𝑟2 = 𝑘2𝑃𝐶𝐻3𝑂𝐻 
 
DME decomposition  
𝑟3 = 𝑘3𝑃𝐶𝐻3𝑂𝐶𝐻3 
 
Indirect formation of ethylene and propylene  
𝑟𝑜𝑥1 = 𝑘𝑜𝑥1𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍] = 𝑘𝑜𝑥1𝐾2𝑃𝐶𝐻3𝑂𝐶𝐻3𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟𝑜𝑥2 = 𝑘𝑜𝑥2𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐶3𝐻8𝑂2 ∙ 𝐻𝑍] = 𝑘𝑜𝑥2𝐾26𝑃𝐶𝐻3𝑂𝐶𝐻3𝑃𝐶3𝐻8𝑂2[𝐻𝑍] 
𝑟𝑜𝑥3 = 𝑘𝑜𝑥3𝑃𝐶𝐻3𝑂𝐻[𝐶3𝐻8𝑂2 ∙ 𝐻𝑍] = 𝑘𝑜𝑥3𝐾26𝑃𝐶𝐻3𝑂𝐻𝑃𝐶3𝐻8𝑂2[𝐻𝑍] 
 
𝑟4𝑖𝑑 = 𝑘4𝑖𝑑[𝐶4𝐻10𝑂2 ∙ 𝐻𝑍] = 𝑘4𝑖𝑑𝐾27𝑃𝐶4𝐻10𝑂2[𝐻𝑍] 
𝑟5𝑖𝑑 = 𝑘5𝑖𝑑[𝐶4𝐻10𝑂2 ∙ 𝐻𝑍] = 𝑘5𝑖𝑑𝐾27𝑃𝐶4𝐻10𝑂2[𝐻𝑍] 
 
Direct formation of ethylene and propylene 
𝑟4𝑑 = 𝑘4𝑑𝑃𝐶𝐻3𝑂𝐻[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍] = 𝑘4𝑑𝐾2𝑃𝐶𝐻3𝑂𝐻𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍] 
𝑟5𝑑 = 𝑘5𝑑[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍] = 𝑘5𝑑𝐾2𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍] 
 
Olefin methylation with methanol  
𝑟8 =  𝑘8𝑃𝐶2𝐻4[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘8𝐾1𝑃𝐶2𝐻4𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟9 =  𝑘9𝑃𝐶3𝐻6[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘9𝐾1𝑃𝐶3𝐻6𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟10 =  𝑘10𝑃𝐶4𝐻8[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘10𝐾1𝑃𝐶4𝐻8𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟11 =  𝑘11𝑃𝐶5𝐻10[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘11𝐾1𝑃𝐶5𝐻10𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟12 =  𝑘12𝑃𝐶6𝐻12[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘12𝐾1𝑃𝐶6𝐻12𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟13 =  𝑘13𝑃𝐶7𝐻14[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘13𝐾1𝑃𝐶7𝐻14𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟14 =  𝑘14𝑃𝐶8𝐻16[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘14𝐾1𝑃𝐶8𝐻16𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
215 
 
𝑟15 =  𝑘15𝑃𝐶9𝐻18[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍] = 𝑘15𝐾1𝑃𝐶9𝐻18𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
 
Olefin methylation with DME  
𝑟16 = 𝑘16[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘16𝐾2𝑃𝐶2𝐻4𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝑟17 = 𝑘17[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶3𝐻6 = 𝑘17𝐾2𝑃𝐶3𝐻6𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝑟18 = 𝑘18[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶4𝐻8 = 𝑘18𝐾2𝑃𝐶4𝐻8𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍] 
𝑟19 = 𝑘19[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶5𝐻10 = 𝑘19𝐾2𝑃𝐶5𝐻10𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝑟20 = 𝑘20[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶6𝐻12 = 𝑘20𝐾2𝑃𝐶6𝐻12𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝑟21 = 𝑘21[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶7𝐻14 = 𝑘21𝐾2𝑃𝐶7𝐻14𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍] 
𝑟22 = 𝑘22[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶8𝐻16 = 𝑘22𝐾2𝑃𝐶8𝐻16𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝑟23 = 𝑘23[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶9𝐻18 = 𝑘23𝐾2𝑃𝐶9𝐻18𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
 
Olefin oligomerisation and cracking  
𝑟24𝑓 = 𝑘24𝑓[𝐶2𝐻4 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘24𝑓𝐾8𝑃𝐶2𝐻4
2 [𝐻𝑍];  
𝑟24𝑏 = 𝑘24𝑏[𝐶4𝐻8 ∙ 𝐻𝑍] = 𝑘24𝑏𝐾10𝑃𝐶4𝐻8[𝐻𝑍] 
 
𝑟25𝑓 = 𝑘25𝑓[𝐶3𝐻6 ∙ 𝐻𝑍 ]𝑃𝐶2𝐻4 = 𝑘25𝑓𝐾9𝑃𝐶3𝐻6𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟25𝑏 = 𝑘25𝑏[𝐶5𝐻10 ∙ 𝐻𝑍] = 𝑘25𝑏𝐾11𝑃𝐶5𝐻10[𝐻𝑍] 
 
𝑟26𝑓 = 𝑘26𝑓[𝐶4𝐻8 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘26𝑓𝐾10𝑃𝐶4𝐻8𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟26𝑏 = 𝑘26𝑏[𝐶6𝐻12 ∙ 𝐻𝑍] = 𝑘26𝑏𝐾12𝑃𝐶6𝐻12[𝐻𝑍] 
 
𝑟27𝑓 = 𝑘27𝑓[𝐶3𝐻6 ∙ 𝐻𝑍 ]𝑃𝐶3𝐻6 = 𝑘27𝑓𝐾9𝑃𝐶3𝐻6
2 [𝐻𝑍] 
𝑟27𝑏 = 𝑘27𝑏[𝐶6𝐻12 ∙ 𝐻𝑍] = 𝑘27𝑏𝐾12𝑃𝐶6𝐻12[𝐻𝑍] 
 
𝑟28𝑓 = 𝑘28𝑓[𝐶5𝐻10 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘28𝑓𝐾11𝑃𝐶5𝐻10𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟28𝑏 = 𝑘28𝑏[𝐶7𝐻14 ∙ 𝐻𝑍] = 𝑘28𝑏𝐾13𝑃𝐶7𝐻14[𝐻𝑍] 
 
𝑟29𝑓 = 𝑘29𝑓[𝐶4𝐻8 ∙ 𝐻𝑍 ]𝑃𝐶3𝐻6 = 𝑘29𝑓𝐾10𝑃𝐶4𝐻8𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟29𝑏 = 𝑘29𝑏[𝐶7𝐻14 ∙ 𝐻𝑍] = 𝑘29𝑏𝐾13𝑃𝐶7𝐻14[𝐻𝑍] 
 
𝑟30𝑓 = 𝑘30𝑓[𝐶6𝐻12 ∙ 𝐻𝑍 ]𝑃𝐶2𝐻4 = 𝑘30𝑓𝐾12𝑃𝐶6𝐻12𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟30𝑏 = 𝑘30𝑏[𝐶8𝐻16 ∙ 𝐻𝑍] = 𝑘30𝑏𝐾14𝑃𝐶8𝐻16[𝐻𝑍] 
 
𝑟31𝑓 = 𝑘31𝑓[𝐶5𝐻10 ∙ 𝐻𝑍 ]𝑃𝐶3𝐻6 = 𝑘31𝑓𝐾11𝑃𝐶5𝐻10𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟31𝑏 = 𝑘31𝑏[𝐶8𝐻16 ∙ 𝐻𝑍] = 𝑘31𝑏𝐾14𝑃𝐶8𝐻16[𝐻𝑍] 
 
𝑟32𝑓 = 𝑘32𝑓[𝐶4𝐻8 ∙ 𝐻𝑍 ]𝑃𝐶4𝐻8 = 𝑘32𝑓𝐾10𝑃𝐶4𝐻8
2 [𝐻𝑍] 
𝑟32𝑏 = 𝑘32𝑏[𝐶8𝐻16 ∙ 𝐻𝑍] = 𝑘32𝑏𝐾14𝑃𝐶8𝐻16[𝐻𝑍] 
 
𝑟33𝑓 = 𝑘33𝑓[𝐶7𝐻14 ∙ 𝐻𝑍 ]𝑃𝐶2𝐻4 = 𝑘33𝑓𝐾13𝑃𝐶7𝐻14𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟33𝑏 = 𝑘33𝑏[𝐶9𝐻18 ∙ 𝐻𝑍] = 𝑘33𝑏𝐾15𝑃𝐶9𝐻18[𝐻𝑍] 
 
𝑟34𝑓 = 𝑘34𝑓[𝐶6𝐻12 ∙ 𝐻𝑍 ]𝑃𝐶3𝐻6 = 𝑘34𝑓𝐾12𝑃𝐶6𝐻12𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟34𝑏 = 𝑘34𝑏[𝐶9𝐻18 ∙ 𝐻𝑍] = 𝑘34𝑏𝐾15𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟35𝑓 = 𝑘35𝑓[𝐶5𝐻10 ∙ 𝐻𝑍 ]𝑃𝐶4𝐻8 = 𝑘35𝑓𝐾11𝑃𝐶5𝐻10𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟35𝑏 = 𝑘35𝑏[𝐶9𝐻18 ∙ 𝐻𝑍] = 𝑘35𝑏𝐾15𝑃𝐶9𝐻18[𝐻𝑍] 
 
𝑟36𝑓 = 𝑘36𝑓[𝐶8𝐻16 ∙ 𝐻𝑍 ]𝑃𝐶2𝐻4 = 𝑘36𝑓𝐾14𝑃𝐶8𝐻16𝑃𝐶2𝐻4[𝐻𝑍] 
216 
 
𝑟36𝑏 = 𝑘36𝑏[𝐶10𝐻20 ∙ 𝐻𝑍] = 𝑘36𝑏𝐾16𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟37𝑓 = 𝑘37𝑓[𝐶7𝐻14 ∙ 𝐻𝑍 ]𝑃𝐶3𝐻6 = 𝑘37𝑓𝐾13𝑃𝐶7𝐻14𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟37𝑏 = 𝑘37𝑏[𝐶10𝐻20 ∙ 𝐻𝑍] = 𝑘37𝑏𝐾16𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟38𝑓 = 𝑘38𝑓[𝐶6𝐻12 ∙ 𝐻𝑍 ]𝑃𝐶4𝐻8 = 𝑘38𝑓𝐾12𝑃𝐶6𝐻12𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟38𝑏 = 𝑘38𝑏[𝐶10𝐻20 ∙ 𝐻𝑍] = 𝑘38𝑏𝐾16𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟39𝑓 = 𝑘39𝑓[𝐶5𝐻10 ∙ 𝐻𝑍 ]𝑃𝐶5𝐻10 = 𝑘39𝑓𝐾11𝑃𝐶5𝐻10
2 [𝐻𝑍] 
𝑟39𝑏 = 𝑘39𝑏[𝐶10𝐻20 ∙ 𝐻𝑍] = 𝑘39𝑏𝐾16𝑃𝐶10𝐻20[𝐻𝑍] 
 
Aromatic methylation with methanol  
𝑟40 =  𝑘40[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍]𝑃𝐶6𝐻6 = 𝑘40𝐾1𝑃𝐶6𝐻6𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟41 =  𝑘41[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍]𝑃𝐶7𝐻8 = 𝑘41𝐾1𝑃𝐶7𝐻8𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟42 =  𝑘42[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍]𝑃𝐶8𝐻10 = 𝑘42𝐾1𝑃𝐶8𝐻10𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
𝑟43 =  𝑘43[𝐶𝐻3𝑂𝐻 ∙ 𝐻𝑍]𝑃𝐶9𝐻12 = 𝑘43𝐾1𝑃𝐶9𝐻12𝑃𝐶𝐻3𝑂𝐻[𝐻𝑍] 
 
Aromatic methylation with DME  
𝑟44 = 𝑘44[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶6𝐻6 = 𝑘44𝐾2𝑃𝐶6𝐻6𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝑟45 = 𝑘45[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶7𝐻8 = 𝑘45𝐾2𝑃𝐶7𝐻8𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
𝑟46 = 𝑘46[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶8𝐻10 = 𝑘46𝐾2𝑃𝐶8𝐻10𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍] 
𝑟47 = 𝑘47[𝐶𝐻3𝑂𝐶𝐻3 ∙ 𝐻𝑍]𝑃𝐶9𝐻12 = 𝑘47𝐾2𝑃𝐶9𝐻12𝑃𝐶𝐻3𝑂𝐶𝐻3[𝐻𝑍]  
 
Aromatic dealkylation 
𝑟48 = 𝑘48[𝐶8𝐻10 ∙ 𝐻𝑍] = 𝑘48𝐾30𝑃𝐶8𝐻10[𝐻𝑍] 
 
𝑟6 = 𝑘6[𝐶9𝐻12 ∙ 𝐻𝑍] = 𝑘6𝐾31𝑃𝐶9𝐻12[𝐻𝑍] 
𝑟7 = 𝑘7[𝐶9𝐻12 ∙ 𝐻𝑍] = 𝑘7𝐾31𝑃𝐶9𝐻12[𝐻𝑍] 
 
𝑟49 = 𝑘49[𝐶10𝐻14 ∙ 𝐻𝑍] = 𝑘49𝐾32𝑃𝐶10𝐻14[𝐻𝑍] 
𝑟50 = 𝑘50[𝐶10𝐻14 ∙ 𝐻𝑍] = 𝑘50𝐾32𝑃𝐶10𝐻14[𝐻𝑍] 
𝑟51 = 𝑘51[𝐶10𝐻14 ∙ 𝐻𝑍] = 𝑘51𝐾32𝑃𝐶10𝐻14[𝐻𝑍] 
 
Olefin aromatisation 
𝑟52 = 𝑘52[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘52𝐾12𝑃𝐶6𝐻12𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟53 = 𝑘53[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶3𝐻6 = 𝑘53𝐾12𝑃𝐶6𝐻12𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟54 = 𝑘54[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶4𝐻8 = 𝑘54𝐾12𝑃𝐶6𝐻12𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟55 = 𝑘55[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶5𝐻10 = 𝑘55𝐾12𝑃𝐶6𝐻12𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟56 = 𝑘56[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶6𝐻12 = 𝑘56𝐾12𝑃𝐶6𝐻12𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟57 = 𝑘57[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶7𝐻14 = 𝑘57𝐾12𝑃𝐶6𝐻12𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟58 = 𝑘58[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶8𝐻16 = 𝑘58𝐾12𝑃𝐶6𝐻12𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟59 = 𝑘59[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶9𝐻18 = 𝑘59𝐾12𝑃𝐶6𝐻12𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟60 = 𝑘60[𝐶6𝐻12 ∙ 𝐻𝑍]𝑃𝐶10𝐻20 = 𝑘60𝐾12𝑃𝐶6𝐻12𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟61 = 𝑘61[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘61𝐾13𝑃𝐶7𝐻14𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟62 = 𝑘62[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶3𝐻6 = 𝑘62𝐾13𝑃𝐶7𝐻14𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟63 = 𝑘63[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶4𝐻8 = 𝑘63𝐾13𝑃𝐶7𝐻14𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟64 = 𝑘64[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶5𝐻10 = 𝑘64𝐾13𝑃𝐶7𝐻14𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟65 = 𝑘65[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶6𝐻12 = 𝑘65𝐾13𝑃𝐶7𝐻14𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟66 = 𝑘66[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶7𝐻14 = 𝑘66𝐾13𝑃𝐶7𝐻14𝑃𝐶7𝐻14[𝐻𝑍] 
217 
 
𝑟67 = 𝑘67[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶8𝐻16 = 𝑘67𝐾13𝑃𝐶7𝐻14𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟68 = 𝑘68[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶9𝐻18 = 𝑘68𝐾13𝑃𝐶7𝐻14𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟69 = 𝑘69[𝐶7𝐻14 ∙ 𝐻𝑍]𝑃𝐶10𝐻20 = 𝑘69𝐾13𝑃𝐶7𝐻14𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟70 = 𝑘70[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘70𝐾14𝑃𝐶8𝐻16𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟71 = 𝑘71[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶3𝐻6 = 𝑘71𝐾14𝑃𝐶8𝐻16𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟72 = 𝑘72[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶4𝐻8 = 𝑘72𝐾14𝑃𝐶8𝐻16𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟73 = 𝑘73[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶5𝐻10 = 𝑘73𝐾14𝑃𝐶8𝐻16𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟74 = 𝑘74[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶6𝐻12 = 𝑘74𝐾14𝑃𝐶8𝐻16𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟75 = 𝑘75[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶7𝐻14 = 𝑘75𝐾14𝑃𝐶8𝐻16𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟76 = 𝑘76[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶8𝐻16 = 𝑘76𝐾14𝑃𝐶8𝐻16𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟77 = 𝑘77[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶9𝐻18 = 𝑘77𝐾14𝑃𝐶8𝐻16𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟78 = 𝑘78[𝐶8𝐻16 ∙ 𝐻𝑍]𝑃𝐶10𝐻20 = 𝑘78𝐾14𝑃𝐶8𝐻16𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟79 = 𝑘79[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘79𝐾15𝑃𝐶9𝐻18𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟80 = 𝑘80[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶3𝐻6 = 𝑘80𝐾15𝑃𝐶9𝐻18𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟81 = 𝑘81[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶4𝐻8 = 𝑘81𝐾15𝑃𝐶9𝐻18𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟82 = 𝑘82[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶5𝐻10 = 𝑘82𝐾15𝑃𝐶9𝐻18𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟83 = 𝑘83[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶6𝐻12 = 𝑘83𝐾15𝑃𝐶9𝐻18𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟84 = 𝑘84[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶7𝐻14 = 𝑘84𝐾15𝑃𝐶9𝐻18𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟85 = 𝑘85[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶8𝐻16 = 𝑘85𝐾15𝑃𝐶9𝐻18𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟86 = 𝑘86[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶9𝐻18 = 𝑘86𝐾15𝑃𝐶9𝐻18𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟87 = 𝑘87[𝐶9𝐻18 ∙ 𝐻𝑍]𝑃𝐶10𝐻20 = 𝑘87𝐾15𝑃𝐶9𝐻18𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟88 = 𝑘88[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶2𝐻4 = 𝑘88𝐾16𝑃𝐶10𝐻20𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟89 = 𝑘89[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶3𝐻6 = 𝑘89𝐾16𝑃𝐶10𝐻20𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟90 = 𝑘90[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶4𝐻8 = 𝑘90𝐾16𝑃𝐶10𝐻20𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟91 = 𝑘91[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶5𝐻10 = 𝑘91𝐾16𝑃𝐶10𝐻20𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟92 = 𝑘92[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶6𝐻12 = 𝑘92𝐾16𝑃𝐶10𝐻20𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟93 = 𝑘93[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶7𝐻14 = 𝑘93𝐾16𝑃𝐶10𝐻20𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟94 = 𝑘94[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶8𝐻16 = 𝑘94𝐾16𝑃𝐶10𝐻20𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟95 = 𝑘95[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶9𝐻18 = 𝑘95𝐾16𝑃𝐶10𝐻20𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟96 = 𝑘96[𝐶10𝐻20 ∙ 𝐻𝑍]𝑃𝐶10𝐻20 = 𝑘96𝐾16𝑃𝐶10𝐻20𝑃𝐶10𝐻20[𝐻𝑍] 
 
Paraffin cracking 
𝑟97 = 𝑘97𝐾17𝑃𝐶2𝐻6[𝐻𝑍] 
 
𝑟98 = 𝑘98𝐾18𝑃𝐶3𝐻8[𝐻𝑍] 
𝑟99 = 𝑘99𝐾18𝑃𝐶3𝐻8[𝐻𝑍] 
 
𝑟100 = 𝑘100𝐾19𝑃𝐶4𝐻10[𝐻𝑍] 
𝑟101 = 𝑘101𝐾19𝑃𝐶4𝐻10[𝐻𝑍] 
𝑟102 = 𝑘102𝐾19𝑃𝐶4𝐻10[𝐻𝑍] 
 
𝑟103 = 𝑘103𝐾20𝑃𝐶5𝐻12[𝐻𝑍] 
𝑟104 = 𝑘104𝐾20𝑃𝐶5𝐻12[𝐻𝑍] 
𝑟105 = 𝑘105𝐾20𝑃𝐶5𝐻12[𝐻𝑍] 
𝑟106 = 𝑘106𝐾20𝑃𝐶5𝐻12[𝐻𝑍] 
𝑟107 = 𝑘107𝐾21𝑃𝐶6𝐻14[𝐻𝑍] 
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𝑟108 = 𝑘108𝐾21𝑃𝐶6𝐻14[𝐻𝑍] 
𝑟109 = 𝑘109𝐾21𝑃𝐶6𝐻14[𝐻𝑍] 
𝑟110 = 𝑘110𝐾21𝑃𝐶6𝐻14[𝐻𝑍] 
𝑟111 = 𝑘111𝐾21𝑃𝐶6𝐻14[𝐻𝑍] 
 
𝑟112 = 𝑘112𝐾22𝑃𝐶7𝐻16[𝐻𝑍] 
𝑟113 = 𝑘113𝐾22𝑃𝐶7𝐻16[𝐻𝑍] 
𝑟114 = 𝑘114𝐾22𝑃𝐶7𝐻16[𝐻𝑍] 
𝑟115 = 𝑘115𝐾22𝑃𝐶7𝐻16[𝐻𝑍] 
𝑟116 = 𝑘116𝐾22𝑃𝐶7𝐻16[𝐻𝑍] 
𝑟117 = 𝑘117𝐾22𝑃𝐶7𝐻16[𝐻𝑍] 
 
𝑟118 = 𝑘118𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
𝑟119 = 𝑘119𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
𝑟120 = 𝑘120𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
𝑟121 = 𝑘121𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
𝑟122 = 𝑘122𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
𝑟123 = 𝑘123𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
𝑟124 = 𝑘124𝐾23𝑃𝐶8𝐻18[𝐻𝑍] 
 
𝑟125 = 𝑘125𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝑟126 = 𝑘126𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝑟127 = 𝑘127𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝑟128 = 𝑘128𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝑟129 = 𝑘129𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝑟130 = 𝑘130𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝑟131 = 𝑘131𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
𝑟132 = 𝑘132𝐾24𝑃𝐶9𝐻20[𝐻𝑍] 
 
𝑟133 = 𝑘133𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟134 = 𝑘134𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟135 = 𝑘135𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟136 = 𝑘136𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟137 = 𝑘137𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟138 = 𝑘138𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟139 = 𝑘139𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟140 = 𝑘140𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
𝑟141 = 𝑘141𝐾25𝑃𝐶10𝐻22[𝐻𝑍] 
 
𝑟142 = 𝑘142𝐾9𝑃𝐶2𝐻6𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟143 = 𝑘143𝐾10𝑃𝐶2𝐻6𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟144 = 𝑘144𝐾11𝑃𝐶2𝐻6𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟145 = 𝑘145𝐾12𝑃𝐶2𝐻6𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟146 = 𝑘146𝐾13𝑃𝐶2𝐻6𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟147 = 𝑘147𝐾14𝑃𝐶2𝐻6𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟148 = 𝑘148𝐾15𝑃𝐶2𝐻6𝑃𝐶9𝐻18[𝐻𝑍] 





𝑟150 = 𝑘150𝐾8𝑃𝐶3𝐻8𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟151 = 𝑘151𝐾10𝑃𝐶3𝐻8𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟152 = 𝑘152𝐾11𝑃𝐶3𝐻8𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟153 = 𝑘153𝐾12𝑃𝐶3𝐻8𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟154 = 𝑘154𝐾13𝑃𝐶3𝐻8𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟155 = 𝑘155𝐾14𝑃𝐶3𝐻8𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟156 = 𝑘156𝐾15𝑃𝐶3𝐻8𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟157 = 𝑘157𝐾16𝑃𝐶3𝐻8𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟158 = 𝑘158𝐾8𝑃𝐶4𝐻10𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟159 = 𝑘159𝐾9𝑃𝐶4𝐻10𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟160 = 𝑘160𝐾11𝑃𝐶4𝐻10𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟161 = 𝑘161𝐾12𝑃𝐶4𝐻10𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟162 = 𝑘162𝐾13𝑃𝐶4𝐻10𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟163 = 𝑘163𝐾14𝑃𝐶4𝐻10𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟164 = 𝑘164𝐾15𝑃𝐶4𝐻10𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟165 = 𝑘165𝐾16𝑃𝐶4𝐻10𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟166 = 𝑘166𝐾8𝑃𝐶5𝐻12𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟167 = 𝑘167𝐾9𝑃𝐶5𝐻12𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟168 = 𝑘168𝐾10𝑃𝐶5𝐻12𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟169 = 𝑘169𝐾12𝑃𝐶5𝐻12𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟170 = 𝑘170𝐾13𝑃𝐶5𝐻12𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟171 = 𝑘171𝐾14𝑃𝐶5𝐻12𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟172 = 𝑘172𝐾15𝑃𝐶5𝐻12𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟173 = 𝑘173𝐾16𝑃𝐶5𝐻12𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟174 = 𝑘174𝐾8𝑃𝐶6𝐻14𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟175 = 𝑘175𝐾9𝑃𝐶6𝐻14𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟176 = 𝑘176𝐾10𝑃𝐶6𝐻14𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟177 = 𝑘177𝐾11𝑃𝐶6𝐻14𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟178 = 𝑘178𝐾13𝑃𝐶6𝐻14𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟179 = 𝑘179𝐾14𝑃𝐶6𝐻14𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟180 = 𝑘180𝐾15𝑃𝐶6𝐻14𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟181 = 𝑘181𝐾16𝑃𝐶6𝐻14𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟182 = 𝑘182𝐾8𝑃𝐶7𝐻16𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟183 = 𝑘183𝐾9𝑃𝐶7𝐻16𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟184 = 𝑘184𝐾10𝑃𝐶7𝐻16𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟185 = 𝑘185𝐾11𝑃𝐶7𝐻16𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟186 = 𝑘186𝐾12𝑃𝐶7𝐻16𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟187 = 𝑘187𝐾14𝑃𝐶7𝐻16𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟188 = 𝑘188𝐾15𝑃𝐶7𝐻16𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟189 = 𝑘189𝐾16𝑃𝐶7𝐻16𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟190 = 𝑘190𝐾8𝑃𝐶8𝐻18𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟191 = 𝑘191𝐾9𝑃𝐶8𝐻18𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟192 = 𝑘192𝐾10𝑃𝐶8𝐻18𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟193 = 𝑘193𝐾11𝑃𝐶8𝐻18𝑃𝐶5𝐻10[𝐻𝑍] 
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𝑟194 = 𝑘194𝐾12𝑃𝐶8𝐻18𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟195 = 𝑘195𝐾13𝑃𝐶8𝐻18𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟196 = 𝑘196𝐾15𝑃𝐶8𝐻18𝑃𝐶9𝐻18[𝐻𝑍] 
𝑟197 = 𝑘197𝐾16𝑃𝐶8𝐻18𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟198 = 𝑘198𝐾8𝑃𝐶9𝐻20𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟199 = 𝑘199𝐾9𝑃𝐶9𝐻20𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟200 = 𝑘200𝐾10𝑃𝐶9𝐻20𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟201 = 𝑘201𝐾11𝑃𝐶9𝐻20𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟202 = 𝑘202𝐾12𝑃𝐶9𝐻20𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟203 = 𝑘203𝐾13𝑃𝐶9𝐻20𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟204 = 𝑘204𝐾14𝑃𝐶9𝐻20𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟205 = 𝑘205𝐾16𝑃𝐶9𝐻20𝑃𝐶10𝐻20[𝐻𝑍] 
 
𝑟206 = 𝑘206𝐾8𝑃𝐶10𝐻22𝑃𝐶2𝐻4[𝐻𝑍] 
𝑟207 = 𝑘207𝐾9𝑃𝐶10𝐻22𝑃𝐶3𝐻6[𝐻𝑍] 
𝑟208 = 𝑘208𝐾10𝑃𝐶10𝐻22𝑃𝐶4𝐻8[𝐻𝑍] 
𝑟209 = 𝑘209𝐾11𝑃𝐶10𝐻22𝑃𝐶5𝐻10[𝐻𝑍] 
𝑟210 = 𝑘210𝐾12𝑃𝐶10𝐻22𝑃𝐶6𝐻12[𝐻𝑍] 
𝑟211 = 𝑘211𝐾13𝑃𝐶10𝐻22𝑃𝐶7𝐻14[𝐻𝑍] 
𝑟212 = 𝑘212𝐾14𝑃𝐶10𝐻22𝑃𝐶8𝐻16[𝐻𝑍] 
𝑟213 = 𝑘213𝐾15𝑃𝐶10𝐻22𝑃𝐶9𝐻18[𝐻𝑍] 
 
 
D. Rates of transformation  




𝑅𝐶𝐻3𝑂𝐻 = −2𝑟1𝑓 + 2𝑟1𝑏 − 𝑟2 + 𝑟𝑜𝑥2 − 𝑟𝑜𝑥3 − 𝑟4𝑑 − 𝑟8 − 𝑟9 − 𝑟10 − 𝑟11 − 𝑟12 − 𝑟13 − 𝑟14 − 𝑟15
+ 𝑟16 + 𝑟17 + 𝑟18 + 𝑟19 + 𝑟20 + 𝑟21 + 𝑟22 + 𝑟23 − 𝑟40 − 𝑟41 − 𝑟42 − 𝑟43 + 𝑟44 + 𝑟45
+ 𝑟46 + 𝑟47 
𝑅𝐷𝑀𝐸 = 𝑟1𝑓 − 𝑟1𝑏 − 𝑟3 − 2𝑟𝑜𝑥1 − 𝑟𝑜𝑥2 − 𝑟4𝑑 − 𝑟5𝑑 − 𝑟16 − 𝑟17 − 𝑟18 − 𝑟19 − 𝑟20 − 𝑟21 − 𝑟22 − 𝑟23
− 𝑟44 − 𝑟45 − 𝑟46 − 𝑟47 
𝑅𝐻2𝑂 = 𝑟1𝑓 − 𝑟1𝑏 + 𝑟𝑜𝑥3 + 𝑟4𝑖𝑑 + 2𝑟4𝑑 + 𝑟5𝑑 + 𝑟8 + 𝑟9 + 𝑟10 + 𝑟11 + 𝑟12 + 𝑟13 + 𝑟14 + 𝑟15 + 𝑟40
+ 𝑟41 + 𝑟42 + 𝑟43 
𝑅𝐶𝐻4 = 𝑟3 + 𝑟𝑜𝑥1 + 𝑟98 + 𝑟101 + 𝑟105 + 𝑟110 + 𝑟116 + 𝑟123 + 𝑟131 + 𝑟140 
𝑅𝐻2 = 2𝑟2 + 𝑟5𝑖𝑑 + 𝑟97 + 𝑟99 + 𝑟102 + 𝑟106 + 𝑟111 + 𝑟117 + 𝑟124 + 𝑟132 + 𝑟141 
𝑅𝐶𝑂 = 𝑟2 
𝑅𝐶𝐻2𝑂 = 𝑟3 + 𝑟4𝑖𝑑 + 2𝑟5𝑖𝑑 
 
𝑅𝐶2𝐻4 = 𝑟5𝑖𝑑 + 𝑟5𝑑 + 𝑟7 − 𝑟8 − 𝑟16 − 2𝑟24𝑓 + 2𝑟24𝑏 − 𝑟25𝑓 + 𝑟25𝑏 − 𝑟26𝑓 + 𝑟26𝑏 − 𝑟28𝑓 + 𝑟28𝑏
− 𝑟30𝑓 + 𝑟30𝑏 − 𝑟33𝑓 + 𝑟33𝑏 − 𝑟36𝑓 + 𝑟36𝑏 + 𝑟48 + 𝑟49 − 3𝑟52 − 3𝑟61 − 3𝑟70 − 3𝑟79
− 3𝑟88 + 𝑟97 + 𝑟98 + 𝑟100 + 𝑟103 + 𝑟107 + 𝑟112 + 𝑟118 + 𝑟125 + 𝑟133 + 𝑟142 + 𝑟143
+ 𝑟144 + 𝑟145 + 𝑟146 + 𝑟147 + 𝑟148 + 𝑟149 − 𝑟150 − 𝑟158 − 𝑟166 − 𝑟174 − 𝑟182 − 𝑟190
− 𝑟198 − 𝑟206 
221 
 
𝑅𝐶3𝐻6 = 𝑟4𝑖𝑑 + 𝑟4𝑑 + 𝑟6 + 𝑟8 − 𝑟9 + 𝑟16 − 𝑟17 − 𝑟25𝑓 + 𝑟25𝑏 − 2𝑟27𝑓 + 2𝑟27𝑏 − 𝑟29𝑓 + 𝑟29𝑏 − 𝑟31𝑓
+ 𝑟31𝑏 − 𝑟34𝑓 + 𝑟34𝑏 − 𝑟37𝑓 + 𝑟37𝑏 + 𝑟50 − 3𝑟53 − 3𝑟62 − 3𝑟71 − 3𝑟80 − 3𝑟89 + 𝑟99
+ 𝑟101 + 𝑟104 + 𝑟108 + 𝑟113 + 𝑟119 + 𝑟126 + 𝑟134 − 𝑟142 + 𝑟150 + 𝑟151 + 𝑟152 + 𝑟153
+ 𝑟154 + 𝑟155 + 𝑟156 + 𝑟157 − 𝑟159 − 𝑟167 − 𝑟175 − 𝑟183 − 𝑟191 − 𝑟199 − 𝑟207 
𝑅𝐶4𝐻8 = 𝑟9 − 𝑟10 + 𝑟17 − 𝑟18 + 𝑟24𝑓 − 𝑟24𝑏 − 𝑟26𝑓 + 𝑟26𝑏 − 𝑟29𝑓 + 𝑟29𝑏 − 2𝑟32𝑓 + 2𝑟32𝑏 − 𝑟35𝑓
+ 𝑟35𝑏 − 𝑟38𝑓 + 𝑟38𝑏 + 𝑟51 − 3𝑟54 − 3𝑟63 − 3𝑟72 − 3𝑟81 − 3𝑟90 + 𝑟102 + 𝑟105 + 𝑟109
+ 𝑟114 + 𝑟120 + 𝑟127 + 𝑟135 − 𝑟143 − 𝑟151 − 𝑟168 − 𝑟176 − 𝑟184 − 𝑟192 − 𝑟200 − 𝑟208
+ 𝑟158 + 𝑟159 + 𝑟160 + 𝑟161 + 𝑟162 + 𝑟163 + 𝑟164 + 𝑟165 
𝑅𝐶5𝐻10 = 𝑟10 − 𝑟11 + 𝑟18 − 𝑟19 + 𝑟25𝑓 − 𝑟25𝑏 − 𝑟28𝑓 + 𝑟28𝑏 − 𝑟31𝑓 + 𝑟31𝑏 − 𝑟35𝑓 + 𝑟35𝑏 − 2𝑟39𝑓
+ 2𝑟39𝑏 − 3𝑟55 − 3𝑟64 − 3𝑟73 − 3𝑟82 − 3𝑟91 + 𝑟106 + 𝑟110 + 𝑟115 + 𝑟121 + 𝑟128
+ 𝑟136 − 𝑟144 − 𝑟152 − 𝑟160 − 𝑟177 − 𝑟185 − 𝑟193 − 𝑟201 − 𝑟209 + 𝑟166 + 𝑟167 + 𝑟168
+ 𝑟169 + 𝑟170 + 𝑟171 + 𝑟172 + 𝑟173 
𝑅𝐶6𝐻12 = 𝑟11 − 𝑟12 + 𝑟19 − 𝑟20 + 𝑟26𝑓 − 𝑟26𝑏 + 𝑟27𝑓 − 𝑟27𝑏 − 𝑟30𝑓 + 𝑟30𝑏 − 𝑟34𝑓 + 𝑟34𝑏 − 𝑟38𝑓
+ 𝑟38𝑏 − 𝑟52 − 𝑟53 − 𝑟54 − 𝑟55 − 𝑟56 − 𝑟57 − 𝑟58 − 𝑟59 − 𝑟60 − 3𝑟56 − 3𝑟65 − 3𝑟74
− 3𝑟83 − 3𝑟92 + 𝑟111 + 𝑟116 + 𝑟122 + 𝑟129 + 𝑟137 − 𝑟145 − 𝑟153 − 𝑟161 − 𝑟169 − 𝑟186
− 𝑟194 − 𝑟202 − 𝑟210 + 𝑟174 + 𝑟175 + 𝑟176 + 𝑟177 + 𝑟178 + 𝑟179 + 𝑟180 + 𝑟181 
𝑅𝐶7𝐻14 = 𝑟12 − 𝑟13 + 𝑟20 − 𝑟21 + 𝑟28𝑓 − 𝑟28𝑏 + 𝑟29𝑓 − 𝑟29𝑏 − 𝑟33𝑓 + 𝑟33𝑏 − 𝑟37𝑓 + 𝑟37𝑏 − 3𝑟57
− 𝑟61 − 𝑟62 − 𝑟63 − 𝑟64 − 𝑟65 − 𝑟66 − 3𝑟66 − 𝑟67 − 𝑟68 − 𝑟69 − 3𝑟75 − 3𝑟84 − 3𝑟93
+ 𝑟117 + 𝑟123 + 𝑟130 + 𝑟138 − 𝑟146 − 𝑟154 − 𝑟162 − 𝑟170 − 𝑟178 − 𝑟195 − 𝑟203 − 𝑟211
+ 𝑟182 + 𝑟183 + 𝑟184 + 𝑟185 + 𝑟186 + 𝑟187 + 𝑟188 + 𝑟189 
𝑅𝐶8𝐻16 = 𝑟13 − 𝑟14 + 𝑟21 − 𝑟22 + 𝑟30𝑓 − 𝑟30𝑏 + 𝑟31𝑓 − 𝑟31𝑏 + 𝑟32𝑓 − 𝑟32𝑏 − 𝑟36𝑓 + 𝑟36𝑏 − 3𝑟58
− 3𝑟67 − 3𝑟76 − 𝑟70 − 𝑟71 − 𝑟72 − 𝑟73 − 𝑟74 − 𝑟75 − 𝑟76 − 𝑟77 − 𝑟78 − 3𝑟85 − 3𝑟94
+ 𝑟124 + 𝑟131 + 𝑟139 − 𝑟147 − 𝑟155 − 𝑟163 − 𝑟171 − 𝑟179 − 𝑟187 + 𝑟190 + 𝑟191 + 𝑟192
+ 𝑟193 + 𝑟194 + 𝑟195 + 𝑟196 + 𝑟197 − 𝑟204 − 𝑟212 
𝑅𝐶9𝐻18 = 𝑟14 − 𝑟15 + 𝑟22 − 𝑟23 + 𝑟33𝑓 − 𝑟33𝑏 + 𝑟34𝑓 − 𝑟34𝑏 + 𝑟35𝑓 − 𝑟35𝑏 − 3𝑟59 − 3𝑟68 − 3𝑟77
− 𝑟79 − 𝑟80 − 𝑟81 − 𝑟82 − 𝑟83 − 𝑟84 − 𝑟85 − 𝑟86 − 𝑟87 − 3𝑟86 − 3𝑟95 + 𝑟132 + 𝑟140
− 𝑟148 − 𝑟156 − 𝑟164 − 𝑟172 − 𝑟180 − 𝑟188 − 𝑟196 − 𝑟213 + 𝑟198 + 𝑟199 + 𝑟200 + 𝑟201
+ 𝑟202 + 𝑟203 + 𝑟204 + 𝑟205 
𝑅𝐶10𝐻20 = 𝑟15 + 𝑟23 + 𝑟36𝑓 − 𝑟36𝑏 + 𝑟37𝑓 − 𝑟37𝑏 + 𝑟38𝑓 − 𝑟38𝑏 + 𝑟39𝑓 − 𝑟39𝑏 − 3𝑟60 − 3𝑟69 − 3𝑟78
− 3𝑟87 − 𝑟88 − 𝑟89 − 𝑟90 − 𝑟91 − 𝑟92 − 𝑟93 − 𝑟94 − 𝑟95 − 𝑟96 − 3𝑟96 + 𝑟141 − 𝑟149
− 𝑟157 − 𝑟165 − 𝑟173 − 𝑟181 − 𝑟189 − 𝑟197 − 𝑟205 + 𝑟206 + 𝑟207 + 𝑟208 + 𝑟209 + 𝑟210
+ 𝑟211 + 𝑟212 + 𝑟213 
𝑅𝐶2𝐻6 = 3𝑟52 + 3𝑟61 + 3𝑟70 + 3𝑟79 + 3𝑟88 − 𝑟97 + 𝑟100 + 𝑟104 + 𝑟109 + 𝑟115 + 𝑟122 + 𝑟130 + 𝑟139
− 𝑟142 − 𝑟143 − 𝑟144 − 𝑟145 − 𝑟146 − 𝑟147 − 𝑟148 − 𝑟149 + 𝑟150 + 𝑟158 + 𝑟166 + 𝑟174
+ 𝑟182 + 𝑟190 + 𝑟198 + 𝑟206 
𝑅𝐶3𝐻8 = 3𝑟53 + 3𝑟62 + 3𝑟71 + 3𝑟80 + 3𝑟89 − 𝑟98 − 𝑟99 + 𝑟103 + 𝑟108 + 𝑟114 + 𝑟121 + 𝑟129 + 𝑟138
− 𝑟150 − 𝑟151 − 𝑟152 − 𝑟153 − 𝑟154 − 𝑟155 − 𝑟156 − 𝑟157 + 𝑟142 + 𝑟159 + 𝑟167 + 𝑟175
+ 𝑟183 + 𝑟191 + 𝑟199 + 𝑟207 
𝑅𝐶4𝐻10 = 3𝑟54 + 3𝑟63 + 3𝑟72 + 3𝑟81 + 3𝑟90 − 𝑟100 − 𝑟101 − 𝑟102 + 𝑟107 + 𝑟113 + 𝑟120 + 𝑟128 + 𝑟137
− 𝑟158 − 𝑟159 − 𝑟160 − 𝑟161 − 𝑟162 − 𝑟163 − 𝑟164 − 𝑟165 + 𝑟143 + 𝑟151 + 𝑟168 + 𝑟176
+ 𝑟184 + 𝑟192 + 𝑟200 + 𝑟208 
𝑅𝐶5𝐻12 = 3𝑟55 + 3𝑟64 + 3𝑟73 + 3𝑟82 + 3𝑟91 − 𝑟103 − 𝑟104 − 𝑟105 − 𝑟106 + 𝑟112 + 𝑟119 + 𝑟127 + 𝑟136
− 𝑟166 − 𝑟167 − 𝑟168 − 𝑟169 − 𝑟170 − 𝑟171 − 𝑟172 − 𝑟173 + 𝑟144 + 𝑟152 + 𝑟160 + 𝑟177
+ 𝑟185 + 𝑟193 + 𝑟201 + 𝑟209 
222 
 
𝑅𝐶6𝐻14 = 3𝑟56 + 3𝑟65 + 3𝑟74 + 3𝑟83 + 3𝑟92 − 𝑟107 − 𝑟108 − 𝑟109 − 𝑟110 − 𝑟111 + 𝑟118 + 𝑟126 + 𝑟135
− 𝑟174 − 𝑟175 − 𝑟176 − 𝑟177 − 𝑟178 − 𝑟179 − 𝑟180 − 𝑟181 + 𝑟145 + 𝑟153 + 𝑟161 + 𝑟169
+ 𝑟186 + 𝑟194 + 𝑟202 + 𝑟210 
𝑅𝐶7𝐻16 = 3𝑟57 + 3𝑟66 + 3𝑟75 + 3𝑟84 + 3𝑟93 − 𝑟112 − 𝑟113 − 𝑟114 − 𝑟115 − 𝑟116 − 𝑟117 + 𝑟125 + 𝑟134
− 𝑟182 − 𝑟183 − 𝑟184 − 𝑟185 − 𝑟186 − 𝑟187 − 𝑟188 − 𝑟189 + 𝑟146 + 𝑟154 + 𝑟162 + 𝑟170
+ 𝑟178 + 𝑟195 + 𝑟203 + 𝑟211 
𝑅𝐶8𝐻18 = 3𝑟58 + 3𝑟67 + 3𝑟76 + 3𝑟85 + 3𝑟94 − 𝑟118 − 𝑟119 − 𝑟120 − 𝑟121 − 𝑟122 − 𝑟123 − 𝑟124 + 𝑟133
− 𝑟190 − 𝑟191 − 𝑟192 − 𝑟193 − 𝑟194 − 𝑟195 − 𝑟196 − 𝑟197 + 𝑟147 + 𝑟155 + 𝑟163 + 𝑟171
+ 𝑟179 + 𝑟187 + 𝑟204 + 𝑟212 
𝑅𝐶9𝐻20 = 3𝑟59 + 3𝑟68 + 3𝑟77 + 3𝑟86 + 3𝑟95 − 𝑟125 − 𝑟126 − 𝑟127 − 𝑟128 − 𝑟129 − 𝑟130 − 𝑟131 − 𝑟132
− 𝑟198 − 𝑟199 − 𝑟200 − 𝑟201 − 𝑟202 − 𝑟203 − 𝑟204 − 𝑟205 + 𝑟148 + 𝑟156 + 𝑟164 + 𝑟172
+ 𝑟180 + 𝑟188 + 𝑟196 + 𝑟213 
𝑅𝐶10𝐻22 = 3𝑟60 + 3𝑟69 + 3𝑟78 + 3𝑟87 + 3𝑟96 − 𝑟133 − 𝑟134 − 𝑟135 − 𝑟136 − 𝑟137 − 𝑟138 − 𝑟139 − 𝑟140
− 𝑟141 − 𝑟206 − 𝑟207 − 𝑟208 − 𝑟209 − 𝑟210 − 𝑟211 − 𝑟212 − 𝑟213 + 𝑟149 + 𝑟157 + 𝑟165
+ 𝑟173 + 𝑟181 + 𝑟189 + 𝑟197 + 𝑟205 
 
𝑅𝐶3𝐻8𝑂2 = 𝑟𝑜𝑥1 − 𝑟𝑜𝑥2 − 𝑟𝑜𝑥3 
𝑅𝐶4𝐻10𝑂2 = 𝑟𝑜𝑥2 + 𝑟𝑜𝑥3 − 𝑟4𝑖𝑑 − 𝑟5𝑖𝑑 
 
𝑅𝐶6𝐻6 = 𝑟6 − 𝑟40 − 𝑟44 + 𝑟48 + 𝑟51 + 𝑟52 + 𝑟53 + 𝑟54 + 𝑟55 + 𝑟56 + 𝑟57 + 𝑟58 + 𝑟59 + 𝑟60 
𝑅𝐶7𝐻8 = 𝑟7 + 𝑟40 − 𝑟41 + 𝑟44 − 𝑟45 + 𝑟50 + 𝑟61 + 𝑟62 + 𝑟63 + 𝑟64 + 𝑟65 + 𝑟66 + 𝑟67 + 𝑟68 + 𝑟69 
𝑅𝐶8𝐻10 = 𝑟41 − 𝑟42 + 𝑟45 − 𝑟46 − 𝑟48 + 𝑟49 + 𝑟70 + 𝑟71 + 𝑟72 + 𝑟73 + 𝑟74 + 𝑟75 + 𝑟76 + 𝑟77 + 𝑟78 
𝑅𝐶9𝐻12 = 𝑟42 − 𝑟43 + 𝑟46 − 𝑟47 − 𝑟6 − 𝑟7 + 𝑟79 + 𝑟80 + 𝑟81 + 𝑟82 + 𝑟83 + 𝑟84 + 𝑟85 + 𝑟86 + 𝑟87 
𝑅𝐶10𝐻14 = 𝑟43 + 𝑟47 − 𝑟49 − 𝑟50 − 𝑟51 + 𝑟88 + 𝑟89 + 𝑟90 + 𝑟91 + 𝑟92 + 𝑟93 + 𝑟94 + 𝑟95 + 𝑟96 
 














8. Zeolite Minilith: A Unique Structured Catalyst for the 
Methanol to Gasoline Process 
In the previous chapter, methanol to hydrocarbons was studied over zeolite catalysts at 
370 °C. However, zeolite catalysts are used in industry in their structured form for MTH 
conversion. The following published paper considers the industrial practice of the conversion 
of methanol to gasoline in fixed bed reactors. The conversion of methanol to gasoline is 
considered at 370 °C as olefins become predominant at higher temperatures. A comparison 
is made between a novel type of structured reactor called zeolite miniliths to zeolite powder 
for improved gasoline yield and pressure drop reduction.  
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Structured microchannel H-ZSM-5 catalysts containing up to 80 wt% zeolite (balance 
bentonite) were fabricated by unit operations of paste preparation, extrusion, drying and firing. 
The structured catalysts, called miniliths due to their micrometre-range dimensions, were 
composed of parallel cylindrical channels with a wall thickness of 200 – 300 μm, density of 2.1 
channels/mm2 and a channel diameter of 300 μm. These miniliths were characterised by X-
ray diffraction, scanning electron microscopy, energy dispersive X-ray analysis, nitrogen 
physisorption and thermogravimetric analysis. For the first time, these miniliths were tested 
for the conversion of methanol to gasoline at 370 °C, 3 bar and a weight hourly space velocity 
(WHSV) of up to 1170 h-1. A gasoline product yield of 53% was obtained at a methanol 
conversion of 74% over the ZSM-5 miniliths. The pressure drop at the same conversion over 
a packed-bed reactor of equal ZSM-5 content was 2 orders of magnitude higher than that of 
the minilith. Reducing the amount of ZSM-5 catalyst in the packed bed to obtain similar inlet 
pressure as the ZSM-5 minilith gave the same product yield at a much higher conversion 
(81%) demonstrating the potential of these structured microchannel reactors. 
 
 
Keywords: methanol-to-gasoline, methanol-to-olefin, ZSM-5, minilith, gasoline, methanol, 













8.1. Introduction  
In heterogeneous catalysis, product selectivity is regulated by an interaction of mass 
and heat transport, kinetics and fluid dynamics. This interaction can be particularly pronounced 
in constrained environments such as zeolites. Zeolites, which generally possess a well-
defined pore architecture and size (1), are synthesised in their powder form and used in their 
pelletised form in packed bed reactors. The major drawbacks to this approach are (i) high 
pressure drop, (ii) limited use of catalyst bed, (iii) flow maldistribution (e.g. channelling) and 
(iv) heat and mass-transport limitations (2, 3). The high pressure drop is circumvented by 
using larger pellets that increase the inter-particle channel dimensions. Large pellets, 
however, lead to intra-pellet mass transfer limitations. Flow maldistribution is minimised by 
ensuring a high ratio of the reactor diameter to catalyst particle diameter (4-6). The need for 
small particle sizes and low pressure drop can be decoupled using a structured reactor such 
as a monolith (3).  
The conversion of methanol to gasoline (MTG) over a packed-bed of ZSM-5 catalysts is 
an exothermic (1.74 MJ kgmethanol-1) reaction (7, 8) with an adiabatic temperature rise of 600 °C 
observed in industrial packed-bed processes (8). The temperature rise in the reactors is kept 
within acceptable limits by separating the overall MTG process into two stages: dehydration 
of methanol to dimethyl ether (DME), and conversion of this mixture to hydrocarbons (9). The 
temperature rise in the second stage may be further reduced by applying a large recycle of 
gas, but this approach increases the operating costs. High exothermicity of the MTG reaction 
at full conversion leads to the presence of hot spots along the catalyst bed which generate 
uneven concentration distribution and facilitate catalyst deactivation; both resulting in an 
uncontrollable product selectivity. Thus, industrially, there is a demand for catalysts that: (i) 
show slow deactivation and (ii) allow for quick heat transfer leading to further reduction in 
operating costs. There has also been a long standing scholarly debate on the formation of 
primary products from methanol either directly (10-18) or through a hydrocarbon pool 
mechanism (19-27). Studying the induction period or steady state MTG conversion at low 
contact times can allow for mechanistic investigations of primary product formation.    
A reduced probability of hot spots is obtained due to high reproducibility of size and 
surface characteristics of individual monolithic passages that allow for equal flow, mass and 
heat transport conditions under adiabatic operation (2). Short-length monoliths are used to 
enhance mass and heat transfer as velocity, temperature and concentration profiles are still 
developing (2). It is well established that for simultaneously developing flow, the fluid velocity, 
velocity gradients, and temperature gradients near the wall in the entrance region will be 
higher than that attained with fully developed profiles. Consequently, the higher velocities 
convect more thermal energy in the flow direction, and heat transfer in the thermal entrance 
region is higher for the case of developing velocity profiles (28).  
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Zeolite-coated spheres (29), zeolite membranes (30), ceramic foams (31), β-SiC foams 
(32), wash-coated monoliths (33, 34) have been used to intensify the conversion of methanol 
to hydrocarbons (MTH). In all these systems, catalyst inventory remains an important obstacle. 
This challenge can be overcome by co-extrusion of the catalyst substrate and a binder (2). 
Hargreaves and Munnoch (35) showed that binders can affect catalytic processes by 
modifying coking characteristics, entrapping poisons, transferring chemical species to or from 
the active phase, modifying heat transfer and porosity characteristics and improving physical 
durability. Whiting et al. (36) used microspectroscopy to show aluminium migration in ZSM-5-
containing alumina-bound extrudates, forming additional Brønsted acid sites. Fougerit et al. 
(37) attributed the increase in the stability of a dealuminated mordenite catalyst for methanol 
to olefin conversion to the trapping of coke precursors in the binder phase. Shihabi et al. (38) 
showed that an α-alumina monohydrate binder inclusion on a siliceous H-ZSM-5 catalyst 
significantly enhanced the conversion of methanol to hydrocarbons. This enhancement was 
attributed to the transfer of aluminium species from the binder to the zeolite phase.  
In this contribution, a co-extruded structured catalyst with micrometre-range channels 
for MTG conversion was fabricated, characterised and tested. The structured catalysts, 
extruded into a cylindrical form, contained the ZSM-5 catalyst in the bulk and on the outer 
surface of the channels. The structured catalysts referred to as ZSM-5 miniliths have a 
potential industrial significance as they not only reduce the pressure drop (thereby reducing 
operating costs) but also maintain high catalyst loading. These advantages have been 
achieved with similar gasoline yields as those obtained under reported industrial conditions. 
Also, the dimensions of short microchannels allow for the accessibility of very low residence 
times (39) which could be relevant to solving the initial C-C bond conundrum in the absence 
of transport restrictions.   
 
8.2. Materials and methods  
8.2.1. Catalyst preparation  
A commercial NH4-ZSM-5 zeolite catalyst with a Si/Al ratio of 25 was purchased from 
Zeolyst International. The catalyst powder was sieved (0.5 mm mesh) to remove larger 
particles and mixed with 20 – 50 wt% sodium bentonite powder received from RS minerals 
Ltd. The total solid weight (ZSM-5 and bentonite) was 100 g. Distilled water was added to the 
zeolite-bentonite mixture. The optimum water weight was found to be in the range from 0.9 
(sample D) to 1.2 (sample A) times the weight of the solid mixture. The resulting paste was 
homogenised in a high-shear mixer (Clatronic, 1000W) for 2 min. Since the water content 
varied with binder content, the ZSM-5/bentonite ratio was altered to study its influence on pore 
volume and surface area. The compositions studied are listed in Table 8.1. For sample A2, 10 
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g of carbon (activated carbon, Nuchar) was added to the solid mixture. Sample B can also be 
compared to B2 to investigate the effect of water content as they both contain equal ZSM-5 
and bentonite content.   
The wet homogenous paste was kneaded to remove trapped air and extruded manually 
through a cylindrical multi-pin die with a bench mounted press. The extrudates, which possess 
micrometre-range channels, are called miniliths. The term, minilith, has been used before to 
refer to structured hydrodemetalation catalysts (40, 41). The minilith were further dried in a 
cold room (5 °C) and were rolled around periodically to ensure homogenous drying in 
accordance with the method used by Lee et al. (42). The dried minilith extrudates were heated 
in a kiln (Rohde) at 5 °C min-1 up to 450 °C and held for 0.5 h. This temperature was chosen 
to preserve the mechanical strength of the minilith while maintaining the distribution of acid 
sites between Brønsted and Lewis acid sites (43).  
 
Table 8.1: Composition of the ZSM-5 miniliths  
Sample 
code 





A 50 50 - 121 
B 60 40 - 111 
C 70 30 - 91 
D 80 20 - 91 
A2 50 50 10 137 
B2 60 40 - 82 
 
8.2.2. Catalyst characterisation  
The minilith samples were ground and X-ray diffraction (XRD) studies were performed 
with a Bruker Advance D8 diffractometer using Cu Kα1 radiation equipped with standard Bragg-
Brentano geometry. Nitrogen physisorption studies were carried out on the unground samples 
with a Micromeritics ASAP 2020 unit. The samples were degassed by heating to 300 °C under 
vacuum (10-6 mbar) for 8 h. After degassing, nitrogen was adsorbed at -196 °C at increasing 
partial pressures to determine the BET surface area and the pore volume. A Rouquerol-
adjusted BET surface area (44) was then calculated. The morphology and elemental analysis 
were obtained using energy dispersive X-ray analysis of the zeolite minilith was studied using 
a JEOL (JSM-6480LV) scanning electron microscope equipped with an Oxford INCA X–act 
10 mm2 SDD X-ray detector.  
Thermogravimetric analysis (TGA) of the ground miniliths as well as the original ZSM-5 
catalyst and bentonite powder was carried out in a Setsys Evolution TGA 16/18 instrument 
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(SETARAM). Before each experiment, 12 mg of sample was placed into an alumina crucible 
held in a TGA chamber that was purged with air at 20 °C at 200 mL min-1 for 8 min. All gas 
flow rates refer to normal temperature and pressure. The experiments were performed under 
air flowing at 20 mL min-1 at a heating rate of 5 °C min-1 to the temperature of 600 °C.  
 
8.2.3. ZSM-5 minilith catalytic tests 
The ZSM-5 minilith (~ 3.9 mm O.D, 14 mm length) was placed between two quartz wool 
plugs and inserted in a cylindrical quartz tube (4 mm I.D, 6 mm O.D). The quartz tube was 
housed in a heater (see Fig. S8.1 in supplementary information). To obtain the H-form, the 
NH4-ZSM-5 minilith was additionally calcined under oxygen flow at 450 °C for 30 min at a 
heating rate 5 °C min-1. This additional calcination was conducted to ensure the same integrity 
of miniliths used in catalytic tests. Thereafter, the ZSM-5 minilith was purged with nitrogen at 
a flowrate of 10 mL min-1 while the reactor temperature was brought down to 370 °C. During 
the MTG reaction, nitrogen was passed at various flowrates through a vessel containing 
methanol which was immersed in a saturator at 4.2 °C. A back-pressure controller was used 
to maintain an inlet pressure of 3 bar. The reaction products were sampled through an online 
gas chromatography (Shimadzu GC 2010) equipped with a flame ionisation detector and an 
Equity-1 fused silica capillary column (90m × 0.53mm × 3.0µm).  
The methanol conversion and yield were calculated on a carbon basis. The conversion 
was defined as the fraction of oxygenates consumed during the reaction (equation 8.1), where 
CMeOH,in is the inlet methanol mole concentration, Coxy,out is the sum of the outlet mole 
concentrations of methanol and twice the outlet mole concentrations of DME. Ci is the mole 




× 100%, (8.1) 
Dry yield towards hydrocarbons was calculated based on carbon number. For instance, 








× 100%,  (8.3) 




                                                                                                                             (8.4) 
where mi is the mass of specie, i, mc is the total mass of hydrocarbons (aliphatics and 
aromatics), mH2O is the water mass and mN2 is the mass of carrier gas, nitrogen. The 
calculation of mass and moles of species are given in a sample calculation in Table S8.1 in 
supplementary information.  
230 
 
A test experiment on the effect of the binder was conducted at 370 °C and the lowest 
flow rate of 54 mL min-1. Additionally, stability measurements were conducted over a chosen 
minilith (Sample C) and compared to a zeolite/bentonite mixture of equal ZSM-5 weight at 3 
bar and a flowrate of 54 mL min-1.   
 
8.3. Results and discussion 
8.3.1. Catalyst characterisation  
 
Fig. 8.1: Powder X-ray diffraction patterns of bentonite, ZSM-5 miniliths and ZSM-5 catalyst. 
 
The XRD patterns of the miniliths composed of ZSM-5 and bentonite are presented in 
Fig. 8.1. All samples exhibit the MFI structure with major peaks located at 2θ about 7.9° and 
8.9° and the characteristic triplet at 23.5° (45, 46). ZSM-5 peaks did not shift on adding 
bentonite. Carbon as a pore template does not affect lattice crystallinity. This is because during 
firing the carbon is burnt-off to create mesoporosity. Carbon affects the porosity (as shown in 






























A 50 50 - 121 293 0.114 0.175 7.6 
B 60 40 - 111 273 0.109 0.183 9.4 
C 70 30 - 91 323 0.129 0.235 11.7 
D 80 20 - 91 353 0.142 0.238 14.6 
A2 50 50 10 137 224 0.075 0.132 7.7 
B2 60 40 - 82 279 0.111 0.193 10.2 
ZSM-5 100 - - - 419 0.143 0.222 25Δ  
Bentonite - 100 - - 48 0.013 0.048  1.5Δ  
ΩRouquerol-adjusted BET values. *HK:Horvath-Kawazoe. ΔCommercial values.  
ZSM-5 and bentonite both have micropores (below 2 nm in diameter) and mesopores 
(2-50 nm in diameter). An increasing amount of bentonite added to a minilith generally reduces 
the BET surface area and micropore volume (Table 8.2). The addition of carbon to the ZSM-
5/bentonite mixture to induce mesoporosity leads to a decrease in BET surface area and a 
decrease in micropore volume (comparing sample A to A2). This is probably due to the 
formation of larger pores in the minilith (see Fig. S8.2 in supplementary information). These 
macropores are formed during the burning-off of carbon during firing. Carbon agglomeration 
occurs during paste preparation leading to large pores on burning-off. The water content 
varied systematically with solid weight (ZSM-5 and bentonite). When solid weight content was 
kept constant (sample B vs B2), addition of more water to the paste made little impact on the 
minilith microporosity but a higher impact on total pore volume. The Si/Al ratios of the final 




(a) A vertical cross-section of 50 wt% ZSM-5 (sample 
A) minilith showing an insert of the bentonite phase 





(b) Image of three minilith structures (L-R): 70 wt% 
(sample C) and 60 wt% ZSM-5 (sample B) with an 
inset of a horizontal cross-section of 70 wt% 
minilith (sample C) 
 
Fig. 8.2: Scanning electron micrographs and images of the ZSM-5 miniliths 
The scanning electron micrographs (Fig. 8.2) show that the ZSM-5 particles are 
dispersed on the bentonite structure. The ZSM-5 particles appear as tiny islands on the flat 
bentonite surface. Addition of carbon leads to large cavities in the ZSM-5 minilith (comparing 
sample A to A2). Before firing, the ZSM-5 minilith maintains a diameter of 4.4 mm. After firing, 
the channels shrink in accordance to the amount of bentonite present in the structure. For 
instance, visual inspection of the minilith diameters before and after firing show that a 13% 









b. TGA of bentonite used for ZSM-5 minilith 
preparation 
  





Fig. 8.3: TGA of weight loss (a, b) and (c) rate of H2O release over ZSM-5 and bentonite.  
 
Fig. 8.3a shows TGA curves for ZSM-5 where weight losses occur in two temperature 
ranges investigated: below 200°C and between 200 and 450 °C after which no weight changes 
are observed indicating that a stable zeolite is obtained. For bentonite, three weight loss 
temperature regions were obtained: below 100 °C, between 100 and 150 °C and at 
temperatures greater than 515 °C (Fig. 8.3b).  The water profiles (Fig. 8.3c) are similar in 
shape to the rate of mass loss profiles (Figs. 8.3a and b) suggesting that water accounts for 
most of the sample loss. The bentonite weight loss below 150°C corresponds to the removal 
of adsorbed and interlayer water while the loss at temperatures above 515°C relates to the 
removal of water from bentonite (47). Therefore, prior to catalytic testing, the catalysts were 
fired at 450 °C to keep the chemical nature of the bentonite. This temperature is also enough 

































































































8.3.2. Catalytic tests  
The characterisation studies show that it is possible to obtain miniliths with controlled 
ZSM-5 loading and porosity. All the miniliths maintained the extruded morphology with 
mechanical stability required for characterisation. Therefore, the MTG conversion could be 
performed with any minilith considering the catalyst loading, reactor dimensions and heat 
transfer. For a small-scale laboratory test, where heat transfer effects are less pronounced 
(vide supra), minilith C was selected to maintain a high ZSM-5 loading while keeping a reduced 
effect of the Si/Al ratio of bentonite on methanol to gasoline production. Although sample D 
had the highest ZSM-5 loading, sample C was more mechanically stable due to its higher 
bentonite content. A test experiment was carried out on the effect of bentonite on MTG 
conversion. A methanol conversion of only 0.9 % was obtained at 54 mL min-1. This conversion 
is ca. 100 times lower compared to the conversion obtained under the same conditions over 
the minilith of similar bentonite content. Therefore, the effect of bentonite on MTG reaction 
over the minilith studied was negligible.  
Fig. 8.4 shows the results of the catalytic test conducted over a minilith with 70 wt% 
ZSM-5 catalyst. As contact time increases, mass fractions of methanol decrease while DME 
rises until 5.3 gcatgfeed-1s showing the activation of the methanol dehydration reaction. 
Consequently, the mass fraction of water rises. As contact time increases further, DME mass 
fraction decreases as it is involved in the chemistries of MTH chemistries such as olefin and 
aromatic methylation reactions (48).  
The conversion of methanol to hydrocarbons is well established to be an autocatalytic 
reaction over ZSM-5 catalyst (49-51). The data on MTG reaction over the minilith show 
autocatalytic behaviour with a projected non-linear increase from zero contact times (Fig. 8.4). 
At low temperatures and high Si/Al ratios where kinetics control the rate of methanol 
conversion, Ono and co-workers (51) observed that the accumulation of reactive 
intermediates is responsible for the conversion jump as contact time is increased. This is due 
to the involvement of reactive species in methylation reactions. Also, rapid heat generation 
could be responsible for the conversion jump due to the increasing exothermicity of MTH 
conversion as contact time increases. The data (Fig. 8.4) shows that autocatalysis occurs over 
ZSM-5 miniliths but with the conversion jump occurring at much lower contact times. The 
binder acts as a heat sink by moderating temperature rise, heat generation and reaction 
conversion (35).  Consequently, with a constant temperature across the short-length ZSM-5 
minilith during MTG conversion (see section 8.1), the data suggests that a low concentration 




Fig. 8.4: Product distribution and conversion with contact time over ZSM-5 minilith (sample 
C) at 370 °C and an inlet pressure of 3 bar. Methanol, DME, C1-C6 aliphatics, C7 –C10 
aliphatics and C6 – C10 aromatics were obtained experimentally. Water was calculated.  
 
Fig. 8.4 also shows a rise in aliphatics and aromatics as contact time is increased. 
Recently, it was shown that DME is the main methylating agent present at conditions required 
for MTG conversion (52, 53). At high contact times, any DME produced from the equilibration 
reaction is fully consumed for aliphatic and aromatic production. During this period, the mass 
fraction of methanol falls until it reaches a plateau. Thus, DME acts as an intermediate 
between methanol and products (aliphatics and aromatics). DME concentration goes through 
a maximum because at first it is produced via the equilibration reaction (which is predominant 
at early contact times) and then converted into products (aliphatics and aromatics) during 
which it is also used as a methylating agent. The equilibration reaction leads to a continuous 
depletion of methanol while DME is increasingly consumed as contact time increases. This 
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C7 - C10 Aliphatics












































































Fig. 8.5: (a) Aliphatic C2-C6, (b) aliphatic C7-C10 and (c) aromatics product distribution with 
contact time over ZSM-5 minilith (sample C) at 370 °C and 3 bar. 
 
Fig. 8.5 shows how product distribution varies as contact time is increased. At the lowest 
contact time of 3.1gcat gfeed-1 s, a diverse range of primary products are observed. As short 
miniliths would allow for both low residence times and efficient heat and mass transfer due to 
developing profiles in the channels, the varied product distribution at low contact times is likely 
due to an established hydrocarbon pool within the ZSM-5/bentonite pore wall (19-21). With 
comparisons made between the time taken for species to travel through the axial length of the 
minilith and the time required to diffuse radially to the surface of the channel, bulk of the minilith 
or to active sites on the zeolite crystal surface, the product distribution obtained at low contact 
times is subjected to intracrystalline diffusion limitations. The presence of active species in the 
hydrocarbon pool at low contact times corresponds with conversion profiles depicted in Fig. 
8.4. As contact time increases, a range of aliphatics and aromatics are formed. The underlying 
mechanism involves a complex interaction of oligomerisation, methylation, hydrogen transfer 
and cracking chemistries which are responsible for the olefin product distribution (48, 54). 
Aliphatics are formed at lower contact times during MTG conversion. As the contact time 
increases, aromatics are formed via hydrogen transfer and cyclisation reactions between 
methanol and olefins (55) or between olefins (56). The presence of aromatics (hydrogen-poor) 




































Initially, the proportion of olefins grow and at higher contact times, C2 and C3 hit a maximum 
and fall while C4 and C6 continue to grow. This could be due to (i) formation of C2 and C3 
from primary oxygenates as well as their methylation and oligomerisation and (ii) C6 
aromatisation. C6 aromatisation results in the formation of alkanes and aromatics. As contact 
time increases, aromatic methylation and dealkylation play an increasing role in MTG 
conversion and also regulate product distribution (48).  
At highest conversions, the product distribution consists predominantly of C4 and C10 
aliphatics and xylene aromatics which are in the gasoline boiling range and are expected from 
bare ZSM-5 catalysts (7).  The product yield of C4 to C10 range of aliphatics and aromatics 
account for 53% of the dry product distribution at the highest conversions (73.6%) in this study. 
This is comparable with the gasoline yields obtained from bench-scale studies (57).  
Pressure drop through the packed bed of ZSM-5 catalysts and one ZSM-5 minilith 
channel were calculated using the Ergun (58) and Hagen-Poiseuille (59, 60) equations 
respectively. At a weight hourly space velocity of 273 h-1, the pressure drop through the packed 
bed of zeolite catalysts was 2 orders of magnitude higher than that through the zeolite minilith 
of equal ZSM-5 weight. This difference is representative of all flowrates. It was challenging to 
compare the performance of zeolite powders directly to miniliths of similar ZSM-5 active weight 
due to differences in pressure drop through the reactor. Nonetheless, Fig. S8.3 (see 
supplementary information) shows a comparison of conversions obtained over ZSM-5 powder 
and miniliths (sample C). Similar conversions are obtained over both systems (ZSM-5 powder 
and minilith) at 13.2 and 19.8 gcat gfeed-1 s albeit at a pressure drop of 2 orders of magnitude 
lower with ZSM-5 minilith.  The difference in pressure drop is in accordance with literature (61-
63). While the conversion data obtained over the miniliths were investigated under similar inlet 
pressures (3 bar), there was a variation in inlet pressure for the packed bed leading to an 
irregular conversion with contact time profile.  
A long duration stability experiment comparing zeolite minilith to powder of equal ZSM-
5 weight at 49 h-1 shows higher stability for the powder than the minilith (Fig. S4 in 
supplementary information). Consequently, higher conversions are obtained over the minilith 
up until 40 h beyond which the powders outperform the minilith in stability. As discussed 
above, packed beds show significant practical limitations associated with a higher pressure 
drop at high catalyst loading. Moreover, a higher minilith stability can be obtained by using a 
larger quantity of pore-former or different binders to prevent the slip wall condition obtained 
during extrusion.  
Simulations conducted by Guo et al. (64), on comparing the conversion of methanol to 
propylene over a packed bed of ZSM-5 particles to an extruded monolith, show a higher 
reactor efficiency and propylene selectivity for monoliths. In this study, reducing the catalyst 
inventory to allow for equal inlet pressures of 3 bar gives the same gasoline yield (53%) at a 
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higher conversion of 80% over a packed bed of catalyst. This further highlights the high 
performing potential of ZSM-5 miniliths. Future work would elaborate on characterizing 
transport effects in miniliths during hydrocarbon transformations, getting an understanding on 
primary products formed at much lower contact times and minilith design optimisation to 
facilitate longer lifetime.   
 
8.4. Conclusions  
A novel form of a structured catalyst was prepared using a bentonite binder and ZSM-5 
catalyst powder and then evaluated for the conversion of methanol to gasoline. The results of 
this study demonstrate that the conversion of methanol to gasoline can be performed with the 
ZSM-5 minilith reactor. The miniliths retain the crystal structure of the ZSM-5 catalyst and 
increase in Si/Al ratio, surface area and pore volume with an increase in zeolite content. The 
product distribution obtained over the ZSM-5 minilith reactor is in the gasoline range and 
similar to that obtained over ZSM-5 powder catalysts. The minilith achieves similar 
conversions at a pressure drop two orders of magnitude lower than with zeolite powder of 
equal ZSM-5 weight.  
 
8.5. Notes 
All data supporting this study is provided as supplementary information and the dataset 
(DOI: https://doi.org/10.15125/BATH-00524) accompanying this paper. 
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S8. Supplementary information  
Zeolite Minilith: A Unique Structured Catalyst for the 
Methanol to Gasoline Process 
 
 


































Table S8.1: Sample calculation for mass and mol of species. Mass and mole of species 
were calculated as follows: Firstly, concentrations (ppm) were converted to vol%. Thereafter, 
using the volume of the sampling loop (500 µL) and the density at the sampling temperature, 
the mass of each specie was calculated. Mass of H2O was calculated by (MCH2 × (18/14) + 
MDME × (18/46)), where MCH2 is the total mass of all hydrocarbons and MDME is the outlet mass 
of DME. Nitrogen vol% was obtained from the balance of initial feed vol% of methanol. Mol% 
values were calculated from mass after considering the molecular weight of each specie (in 
this case, alkanes were used as a proxy for C1-C10 aliphatics). Since inlet methanol quantity 
was based on the total output carbon for the C1-C10 products, mass balance was checked 
through consistent inlet moles of methanol at all flowrates. For more information, please see 
the University of Bath Research Data Archive (DOI: https://doi.org/10.15125/BATH-00524)  
 
Data was obtained at 54 mL min-1 over sample C (70 wt% ZSM-5, balance bentonite).  
Specie Concentration 
(ppm) 
 Dry Yield Mass Mole 




































































































H2O   6.57× 10-6 
 
3.65× 10-7 

























Fig. S8.3: Conversions through a packed bed and minilith (sample C) of equal ZSM-5 content 
with contact time at 370 °C.   
 
 
Fig. S8.4: Stability tests for ZSM-5 minilith and packed bed during the conversion of methanol 
























































9. Conclusions and future work 
9.1. Conclusions 
The conversion of methanol to hydrocarbons over ZSM-5 catalysts has been examined 
mainly through a kinetic point of view. Kinetic modelling has been used for detailed analysis, 
to obtain key mechanistic insights and added depth while vibrational spectroscopy (FTIR) has 
been used for added breadth and perspective.  
The general aims, and purpose of this PhD thesis were:  
1. To advance understanding of the induction period during which the first C-C bond 
and primary olefins are formed from methanol; 
2. To quantitatively describe the mechanisms that regulate product distribution during 
MTH conversion at steady-state over ZSM-5 catalysts; 
3. To develop a novel structured zeolite catalyst that can reduce pressure drop and 
optimise yield of products from methanol.  
The fundamental challenges during the conversion of methanol to hydrocarbons over 
zeolite catalysts in the induction period can be grouped into three main themes: (a) 
identification of the key oxygenate (methanol or DME), (b) identification of the primary olefins 
(ethylene, propylene or ethylene and propylene) and (c) identification of the exact mechanism 
linking the key oxygenate to primary olefins.  
In chapter 4, the desorption profiles of DME are compared to methanol over fresh and 
hydrocarbon-occluded ZSM-5 catalysts of different Si/Al ratios. Higher temperatures are 
necessary to desorb DME from ZSM-5 zeolite catalysts of Si/Al ratios of 25, 36 and 135. The 
desorption profiles were deconvoluted into two sites for ZSM-5 (135) and three sites for ZSM-
5 (25) and (36) using the Redhead method. A transient plug flow reactor model with coupled 
convection, adsorption and desorption steps shows higher activation energies of desorption 
of DME compared to methanol over all ZSM-5 catalysts studied. Consideration of adsorption 
stoichiometry of ZSM-5 catalysts show that the total number of molecules adsorbed per active 
site of ZSM-5 (25) on the medium and high temperature sites equal the total number of 
molecules adsorbed per active site on the high temperature sites of ZSM-5 (135). A 
comparison of experiments with the plug flow reactor model shows that no re-adsorption 
occurs on the high temperature sites. Molecular adsorption on the low temperature sites and 
dissociative adsorption on the medium and high temperature sites give excellent agreement 
between experiment and model. No differences were observed, other than in site densities 
when extracting kinetic parameters for fresh and hydrocarbon-occluded catalysts at full 
coverage in the TAP reactor. The microkinetic model along with pyridine FTIR data suggest 
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that the medium temperature and high temperature sites are of a Brønsted acid nature while 
the low temperature site is of Lewis acid nature or exhibit hydrogen bonding with oxygenates. 
In chapter 5, the induction period was studied as the fresh ZSM-5 catalyst was 
transformed to a working catalyst where product distribution is regulated by the hydrocarbon 
pool. The evolution of chemical species, specifically from the key oxygenate (DME) to primary 
olefins was observed using a novel step response methodology in a TAP reactor. In the first 
step response cycle, propylene is the major olefin formed at low temperatures (300 °C) with a 
DME feed in the TAP reactor. At higher temperatures, ethylene is also formed. The profile of 
primary olefins follows an S-shaped behaviour and is sensitive to addition of precursors 
(dimethoxymethane, carbon monoxide, hydrogen). In the literature, the induction period of 
primary olefin formation has been shown to be sensitive to olefin precursors, aromatics and 
impurities. To explain these results, a crystal nucleation kinetic scheme involving secondary 
oxygenates (dimethoxyethane) is proposed where propylene is formed through the direct 
mechanism from the DME feed. Over multiple step response cycles, propylene is still the 
primary olefin formed at low temperatures and the induction period of propylene formation is 
eliminated. In the first step response cycle, methanol and water portray overshoot profiles 
while DME rises rapidly up until half-way to its steady-state value followed by a slow rise. The 
overshoot profiles of methanol and water as well as the DME profiles all change to monotonic 
profiles on applying subsequent step response cycles. Hence, this work shows clearly that 
there is an induction period, during which precursors molecules are formed inside the zeolite 
pores. Thus, the first step response cycle involves intrinsic and extrinsic relaxation while the 
subsequent step response cycles involve intrinsic relaxation alone.  
In chapter 6, the experiments reported in chapter 5 were described using a transient 
kinetic model that describes plug flow reactor behaviour with coupled convection, adsorption, 
desorption and reaction steps. The formation of the key olefin (propylene) from DME in the 
first step response cycle is modelled. For the first time, it is shown with clarity that the 
transformation of the first C-C bond is the key bottleneck (rate limiting step) in propylene 
formation from DME.   
The dual-cycle consisting of an olefin cycle and an aromatic cycle regulating product 
distribution over ZSM-5 catalysts is tunable depending on process conditions. In chapter 7, 
the control of the product distribution by the olefin cycle is established over a ZSM-5 catalyst 
with Si/Al=34 at 370 °C. It was observed that the steady-state propylene formation rate 
exceeds direct ethylene formation by a factor of 5. Oligomerisation and cracking rates are 
higher than direct olefin formation by two orders of magnitude. Olefin methylation by methanol 
occurs by an order of magnitude faster than direct ethylene formation. Olefin methylation by 
DME is faster than with methanol by a factor of 3.2 and aromatic methylation by DME is faster 
than with methanol by a factor of 2.5. Faster methylation rates observed during steady-state 
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studies confirm initial transient studies in the TAP reactor that show that DME is the key 
oxygenate involved in surface reactions. Also, higher steady-state propylene formation rates 
validate the initial step response studies which show propylene to be the primary olefin formed. 
The relative rates of the chemistries of the olefin cycle (olefin methylation, oligomerisation and 
cracking) are much slower than the rates of hydrogen transfer and cyclisation steps as well as 
chemistries of the aromatic cycle (aromatic methylation and dealkylation). Consequently, 
through kinetic modelling, evidence is provided that the olefin cycle controls the autocatalytic 
rate of methanol conversion to hydrocarbons over ZSM-5 catalysts at 370 °C.  
The fundamental challenge relating to the industrial MTH process centres around 
material and energy usage efficiency and operating cost reduction. In chapter 8, by using a 
binder with high thermal conductivity, zeolite microchannel reactors called miniliths produce 
higher gasoline yields at the same conversion as ZSM-5 powder albeit at a much lower 
pressure drop. They exhibit moderate stability which can be improved by the presence of a 
pore-former leading to increased diffusion across the structured catalyst.   
The key philosophy developed in these chapters is that transient and steady-state 
kinetics can be described phenomenologically and mechanistically. The Redhead method was 
used in chapter 4 before mechanistic insights were obtained using the plug flow reactor model 
for the adsorption and desorption of methanol and DME over ZSM-5 catalysts. Profiles of 
DME; water and methanol; propylene and ethylene were described at first using the Hill, BiHill 
and logistic (sigmoidal) functions respectively in chapter 5 before a more detailed mechanistic 
description was obtained in chapter 6 using a transient kinetic model. The S-shaped curve of 
conversion with contact time during steady-state experiments in chapter 7 was first described 
using a logistic function. Further detailed kinetic modelling in chapter 7 gives mechanistic 
insights into chemistries governing product distribution underlying such phenomenological 
descriptions.   
The TAP reactor has been used for kinetic investigations for over 40 years using 
conventional pulse experiments. For the first time, novel step response experiments (single 
step, multiple step and consecutive step) have been carried out within the TAP framework. 
Transient experiments led to an induction period of over 40 min during MTH conversion in a 
first step response cycle. The influence of hydrocarbon-occluded species in the zeolite pores 
as the induction period is eliminated on subsequent step response cycles after steady-state is 
established is shown clearly. Many precursors (such as formaldehyde, dimethoxymethane, 
dimethoxyethane, carbon monoxide, hydrogen, cyclopentadienes etc) have been investigated 
and shown to have an impact on MTH conversion. However, up until now, there has been no 
framework to synthesise these investigations. The consecutive step response experiments 
provide such a framework as the influence of precursors on the induction period and the rate 
of hydrocarbon pool establishment can be studied following the S-shaped profiles observed.  
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Furthermore, for TAP reactor was modelled as a non-ideal fixed bed reactor where the 
influence of dispersion and convection were evaluated. Dispersion coefficients of 10-9 m2 s-1 
were obtained for step response experiments in the TAP reactor.  
For 40 years, the debate on the formation of the first C-C bond from methanol. Various 
direct mechanisms have been proposed including carbene, oxonium ylide, methane-
formaldehyde, methoxymethyl, carbon monoxide, and indirect mechanisms. These 
mechanisms have always been investigated separately. The step response data obtained 
from the TAP reactor presented an opportunity for comparing various direct mechanism 
proposals on a microscopic modelling level. The methoxymethyl mechanism showed the 
closest agreement to experimental data. The transformation of the first C-C bond is rate-
limiting during the induction period. 
Kinetic modelling of steady-state data revealed that the olefin cycle controls product 
distribution. Transient experiments were conducted at different conditions to steady-state 
experiments and there is limiting evidence to suggest the key bottleneck of the overall MTH 
process circumpassing the induction period and steady-state. Nonetheless, the transient 
experiments buttress steady-state data by providing evidence for propylene formation at low 
temperatures and boosting ethylene formation with temperature. TAP data shows that these 
olefins are formed under negligible external mass and heat transfer, and internal heat transfer 
limitations. For the first time, a unique form of a ZSM-5 structured catalyst (minilith) is 
synthesised, fabricated and tested for MTG conversion. Further evaluation of the miniliths 
would facilitate reactor design.  
The novel form of kinetic characterisation, elucidation of complex reaction mechanisms, 
validation of governing chemistries and novel forms of reactor design during this PhD work 














9.2. Suggestions for future work 
Transient experiments were carried out in a TAP reactor (chapters 4, 5 and 6) and the 
effluents were monitored with time on stream. During steady-state experiments (chapters 7 
and 8), effluents were monitored with contact time. The transient experiments elucidated the 
chemical processes that occur during the evolution of fresh ZSM-5 catalysts to working ZSM-
5 catalysts. Adsorption, desorption and reaction of species were studied as methanol 
undergoes transformation to primary olefin (propylene) and the hydrocarbon pool. Over ZSM-
5 catalysts, the nature and concentration of this hydrocarbon pool is dependent on 
temperature, pressure, zeolite Si/Al ratio and precursors as shown by the results given in 
chapters 5 and 6.  
Steady-state experiments, allowing for an investigation of the evolution of effluents with 
contact time, give information about the relative propagation of olefin and aromatic cycles of 
the hydrocarbon pool. At low contact times, only the olefin cycle is propagated such that 
gaseous olefins are released. With an increase in contact time, the additional aromatic cycle 
is propagated. It is shown that the olefin cycle is rate-controlling over ZSM-5 catalysts at all 
contact times studied.   
Future work following this PhD project could include:  
1. An attempt to bridge transient kinetic experiments with steady-state kinetic 
experiments. The effect of the duration of the induction period on the product 
distribution during steady state could be considered.  
2. Further complementary studies on the formation of primary olefins: A technique 
called temperature programmed surface reaction could be used to elucidate the 
formation of primary olefins using temperature transients. Frequency factors and 
activation energies could be determined during the induction period. Also, a quasi-
elastic neutron scattering technique could be used to probe mobility of methanol, 
DME, water and other species over ZSM-5 of different Si/Al ratios. Operando micro-
infrared spectroscopy could be applied to the equilibration reaction of methanol to 
determine concentration profiles on a zeolite catalyst. These concentration profiles 
could be used to obtain effectiveness factors of the ZSM-5 catalyst. Such analysis 
involving continuity and Stefan-Maxwell equations would consider the adsorption, 
desorption, diffusion and reaction of species leading to the gaseous product 
release.   
3. Methanol can be compared to DME, based on their equilibrium composition, for 
MTH conversion at specific regimes. The comparison would be based on regimes 
of intrinsic kinetic control, pore diffusion control or external mass transfer control.  
4. Steady State Isotopic Kinetic Analysis could be applied to determine the exact 
source of secondary oxygenates (dimethoxymethane, dimethoxyethane). A 
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transient kinetic model using the reaction scheme derived in chapter 5 accounting 
for the influence of carbon monoxide, hydrogen, dimethoxymethane and water can 
be used to model the induction period. This can be compared to the rival reaction 
mechanism used to model the induction period in chapter 6.  
5. Each chemistry of the MTH process could be studied for identification of a single 
parameter governing product distribution from that chemistry. This could later be 
combined into an overarching parameter that determines the product distribution 
during MTH conversion.  
6. The miniliths could be characterised by determining mass transfer (Sherwood) and 
heat transfer (Nusselt) correlations during MTH conversion. This would facilitate 
reactor design for MTH conversion.  
7. Hydrodynamics in the TAP reactor could also be studied. Regimes of axial and 
radial dispersion as well as laminar flow can be mapped with convection applied to 
thin-zone packing configuration under concentration transients.  
These separate pieces of work would be considered by the author in further elucidation 

























A. Transient kinetic modelling code used in chapter 6 
i. Obtaining initial estimates 
%% using upwind scheme to solve PDE's arising from step response 
experiments%% 
%% using reaction scheme based on recent DFT evidence - 
methoxymethyl mechanism - 3rd pathway%% 
  









































































%% experimental data 




n_amu31_exp = R_amu31s; 
n_amu45_exp = R_amu45s; 
n_amu18_exp = R_amu18s; 
n_amu40_exp = R_amu40s; 
n_amu28_exp = R_amu28s; 
n_amu91_exp = R_amu91s; 
n_amu27_exp = R_amu27s; 
n_amu41_exp = R_amu41s; 
  





pres = 1000;    %total pressure in the fixed bed (Pa) 
R = 8.314;      %Molar gas constant, J/mol/K 
temp = 573; %input('what is the step response temperature in C? 
')+273; %Temperature in Kelvin 
  
  
%% reactor properties 
bed_length = 2e-3;  







%% Catalyst properties 
cat_density = 2200; %kg/m^3 
bed_porosity = 0.5; 
cat_diameter = 30e-6; %m 
  










% concentration of active sites per unit surface area of catalyst = 
acid 





%specific surface area of catalyst = 6/particle diameter 
Sv=6/cat_diameter; 
  
%% Define space and time domain 
  
% For bed length of 2 mm, define space domain parameters 
z0 = 0; %initial length of reactor 
z1 = 2e-3; %bed length 
J = 10; % number of strips 
dz = (z1-z0)/J; 
disp(['J = ', num2str(J)]); 
disp(' '); 
disp(['dz = ', num2str(dz)]); 
disp(' '); 
Z = dz*(0:J); 
dv=bed_area*dz; 
  
% For time equals time at last data point, define time domain 
t0 = 0;  %initial time 
time; 
tf = time(end); %final time (min) 
N = 4000000; %number of time steps 
dt=tf/N; %time step size 
disp(['dt = ', num2str(dt)]); 
disp(' '); 
disp(['N = ', num2str(N)]); 
disp(' '); 
  
% T = (dt*(0:N))'; 




%% stability factor, (u/eb)*(dt/dz) 
vel=0.00025; 
SF = (vel/bed_porosity)*(dt/dz); 




















if SF < 1 
    %% initialise solution space 
    n_meth_model=zeros(N+1, J+1); 
    n_dme_model=zeros(N+1, J+1); 
    n_water_model=zeros(N+1, J+1); 
    n_Ar_model=zeros(N+1, J+1); 
    n_formaldehyde_model=zeros(N+1, J+1); 
    n_methane_model=zeros(N+1, J+1); 
    n_hydrogen_model=zeros(N+1, J+1); 
    n_propene_model=zeros(N+1, J+1); 
    n_methylal_model=zeros(N+1, J+1); 
    n_dimethoxyethane_model=zeros(N+1, J+1); 
    n_methanediol_model=zeros(N+1, J+1); 
    n_alkene_ether_model=zeros(N+1,J+1); 
     
    theta_sms_model=zeros(N+1, J+1); 
    theta_methoxymethyl_model=zeros(N+1, J+1); 
    theta_dme_model=zeros(N+1, J+1); 
    theta_water_model=zeros(N+1, J+1); 
    theta_Ar_model=zeros(N+1, J+1); 
    theta_formaldehyde_model=zeros(N+1, J+1); 
    theta_methane_model=zeros(N+1, J+1); 
    theta_hydrogen_model=zeros(N+1, J+1); 
    theta_propene_model=zeros(N+1, J+1); 
    theta_methylal_model=zeros(N+1, J+1); 
    theta_dimethoxyethane_model=zeros(N+1, J+1); 
    theta_methanediol_model=zeros(N+1, J+1); 
    theta_alkene_ether_model=zeros(N+1,J+1); 
    theta_vacant_model=zeros(N+1, J+1); 
     
    % insert initial conditions into solution matrix. At time = t0, 
    % catalyst is empty and begins to fill up. 
    theta_sms_model(1,1) = 0; 
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    theta_methoxymethyl_model(1,1) = 0; 
    theta_dme_model(1,1) = 0; 
    theta_water_model(1,1) = 0; 
    theta_Ar_model(1,1) = 0; 
    theta_formaldehyde_model(1,1) = 0; 
    theta_methane_model(1,1) = 0; 
    theta_hydrogen_model(1,1) = 0; 
    theta_propene_model(1,1) = 0; 
    theta_methylal_model(1,1) = 0; 
    theta_dimethoxyethane_model(1,1) = 0; 
    theta_methanediol_model(1,1) = 0; 
    theta_alkene_ether_model(1,1) = 0; 
    theta_vacant_model(1,1) = 1-theta_sms_model(1,1)-
theta_methoxymethyl_model(1,1)... 
        -theta_dme_model(1,1)-theta_water_model(1,1)-
theta_Ar_model(1,1)... 
        -theta_formaldehyde_model(1,1)-theta_methane_model(1,1)-
theta_hydrogen_model(1,1)... 
        -theta_methylal_model(1,1)-theta_dimethoxyethane_model(1,1)-
theta_methanediol_model(1,1)... 
        -theta_alkene_ether_model(1,1)-theta_propene_model(1,1); 
     
    % n_dme_model(1,1) = n_DME;   %obtained from deconvolution file 
    % n_Ar_model(1,1) = n_ar;     %obtained from deconvolution file 
    n_meth_model(1,1) = 0; 
    n_water_model(1,1) = 0; 
    n_formaldehyde_model(1,1) = 0; 
    n_methane_model(1,1) = 0; 
    n_hydrogen_model(1,1) = 0; 
    n_propene_model(1,1) = 0; 
    n_methylal_model(1,1) = 0; 
    n_dimethoxyethane_model(1,1) = 0; 
    n_methanediol_model(1,1) = 0; 
    n_alkene_ether_model(1,1) = 0; 
     
     
    %% step function 
    % insert boundary conditions into solution matrix. At z = 0, a 
step 
    % response of oxygenates is introduced. 
     
    %% convection alone 
    %     if Tt(1,1) >= t0 && Tt(1,1) <= t0+dt 
    %         n_dme_model(:,1)=n_DME; 
    %         n_Ar_model(:,1)=n_ar; 
    %     elseif Tt(1,1) < t0 
    %         n_dme_model(:,1)=0; 
    %         n_Ar_model(:,1)=0; 
    %     elseif Tt(1,1)> t0+dt 
    %         n_dme_model(:,1)=n_DME; 
    %         n_Ar_model(:,1)=n_ar; 
    %     end 






    %% convection and dispersion 
    if Tt(1,1) >= t0 && Tt(1,1) <= t0+dt 
        n_dme_model(:,1)=n_DME-((D_dme/(vel*dz))*(n_dme_model(:,2)-
n_dme_model(:,1))); 
        n_Ar_model(:,1)=n_ar-((D_Ar/(vel*dz))*(n_Ar_model(:,2)-
n_Ar_model(:,1))); 
    elseif Tt(1,1) < t0 
        n_dme_model(:,1)=0; 
        n_Ar_model(:,1)=0; 
    elseif Tt(1,1)> t0+dt 
        n_dme_model(:,1)=n_DME-((D_dme/(vel*dz))*(n_dme_model(:,2)-
n_dme_model(:,1))); 
        n_Ar_model(:,1)=n_ar-((D_Ar/(vel*dz))*(n_Ar_model(:,2)-
n_Ar_model(:,1))); 
    end 
     
     
    theta_sms_model(:,1) = 0; 
    theta_methoxymethyl_model(:,1) = 0; 
    theta_dme_model(:,1) = 0; 
    theta_water_model(:,1) = 0; 
    theta_Ar_model(:,1) = 0; 
    theta_formaldehyde_model(:,1) = 0; 
    theta_methane_model(:,1) = 0; 
     
    theta_hydrogen_model(:,1) = 0; 
     
    theta_propene_model(:,1) = 0; 
    theta_methylal_model(:,1) = 0; 
    theta_dimethoxyethane_model(:,1) = 0; 
    theta_methanediol_model(:,1) = 0; 
    theta_alkene_ether_model(:,1) = 0; 
    theta_vacant_model(:,1) = 1-theta_sms_model(:,1)-
theta_methoxymethyl_model(:,1)... 
        -theta_dme_model(:,1)-theta_water_model(:,1)-
theta_Ar_model(:,1)... 
        -theta_formaldehyde_model(:,1)-theta_methane_model(:,1)-
theta_hydrogen_model(:,1)... 
        -theta_methylal_model(:,1)-theta_dimethoxyethane_model(:,1)-
theta_methanediol_model(:,1)... 
        -theta_alkene_ether_model(:,1)-theta_propene_model(:,1); 
     
    n_meth_model(:,1) = 0; 
    n_water_model(:,1) = 0; 
    n_formaldehyde_model(:,1) = 0; 
    n_methane_model(:,1) = 0; 
    n_hydrogen_model(:,1) = 0; 
    n_propene_model(:,1) = 0; 
    n_methylal_model(:,1) = 0; 
    n_dimethoxyethane_model(:,1) = 0; 
    n_methanediol_model(:,1) = 0; 
    n_alkene_ether_model(:,1) = 0; 
     
     
    for n=0:1:N-1 
        for j=1:1:J-1 
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r1=k1*((n_meth_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+1
,j+1); 
            r_1=k_1*theta_sms_model(n+1, 
j+1)*((n_water_model(n+1,j+1)./dv)*R*temp*dt); 
            
r2=k2*((n_dme_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+1,
j+1); 
            r_2=k_2*theta_sms_model(n+1, 
j+1)*((n_meth_model(n+1,j+1)./dv)*R*temp*dt); 
            
r3=k3*((n_water_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+
1,j+1); 
            r_3=k_3*theta_water_model(n+1, j+1); 
            
r4=k4*((n_methane_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(
n+1,j+1); 
            r_4=k_4*theta_methane_model(n+1, j+1); 
            
r5=k5*((n_formaldehyde_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_m
odel(n+1,j+1); 
            r_5=k_5*theta_formaldehyde_model(n+1, j+1); 
            
r6=k6*((n_hydrogen_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model
(n+1,j+1); 
            r_6=k_6*theta_hydrogen_model(n+1, j+1); 
            
r7=k7*((n_propene_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(
n+1,j+1); 
            r_7=k_7*theta_propene_model(n+1, j+1); 
            
r8=k8*((n_dme_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+1,
j+1); 
            r_8=k_8*theta_methoxymethyl_model(n+1, 
j+1)*((n_hydrogen_model(n+1,j+1)./dv)*R*temp*dt); 
            
r9=k9*((n_methylal_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model
(n+1,j+1); 
            r_9=k_9*theta_methylal_model(n+1, j+1); 
            
r10=k10*((n_dimethoxyethane_model(n+1,j+1)./dv)*R*temp*dt)*theta_vac
ant_model(n+1,j+1); 
            r_10=k_10*theta_dimethoxyethane_model(n+1, j+1); 
            
r11=k11*((n_alkene_ether_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant
_model(n+1,j+1); 
            r_11=k_11*theta_alkene_ether_model(n+1, j+1); 
            
r12=k12*((n_methanediol_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_
model(n+1,j+1); 
            r_12=k_12*theta_methanediol_model(n+1, j+1); 
            
r13=k13*((n_meth_model(n+1,j+1)./dv)*R*temp*dt)*theta_sms_model(n+1, 
j+1); 
            r_13=k_13*theta_dme_model(n+1,j+1); 
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r14=k14*((n_meth_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n
+1,j+1); 
            
r15=k15*((n_dme_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+
1,j+1); 
            r16=k16*theta_formaldehyde_model(n+1, 
j+1)*((n_water_model(n+1,j+1)./dv)*R*temp*dt); 
            r_16=k_16*theta_methanediol_model(n+1, j+1); 
            r17=k17*theta_sms_model(n+1, 
j+1)*((n_dme_model(n+1,j+1)./dv)*R*temp*dt); 
            r18=k18*theta_methoxymethyl_model(n+1, 
j+1)*((n_dme_model(n+1,j+1)./dv)*R*temp*dt); 
            r19=k19*theta_dimethoxyethane_model(n+1, j+1); 
            r20=k20*theta_sms_model(n+1, 
j+1)*((n_alkene_ether_model(n+1,j+1)./dv)*R*temp*dt); 
            r21=k21*theta_methoxymethyl_model(n+1, 
j+1)*theta_methylal_model(n+1,j+1); 
             
             
            R_meth_g=-r1+r_1+r2-r_2-r13+r_13-r14; 
            R_sms_ss=r1-r_1+r2-r_2-r13+r_13-r17-r20; 
            R_dme_g=-r2+r_2-r8+r_8-r15-r17-r18; 
            R_dme_ss=r13-r_13; 
            R_water_g=r1-r_1-r3+r_3-r16+r_16+r19; 
            R_water_ss=r3-r_3; 
            R_propene_g=-r7+r_7+r20; 
            R_propene_ss=r7-r_7; 
            R_formaldehyde_g=-r5+r_5; 
            R_formaldehyde_ss=r5-r_5+r14+r15-r16+r_16+r21; 
            R_hydrogen_g=-r6+r_6+r8-r_8+r14; 
            R_hydrogen_ss=r6-r_6; 
            R_methane_g=-r4+r_4+r15+r17; 
            R_methane_ss=r4-r_4; 
            R_methoxymethyl_ss=r8-r_8+r17+r20-r21-r18; 
            R_methanediol_g=-r12+r_12; 
            R_methanediol_ss=r12-r_12+r16-r_16; 
            R_methylal_g=-r9+r_9; 
            R_methylal_ss=r9-r_9-r21; 
            R_dimethoxyethane_g=-r10+r_10; 
            R_dimethoxyethane_ss=r10-r_10+r18-r19+r21; 
            R_alkene_ether_g=-r11+r_11-r20; 
            R_alkene_ether_ss=r11-r_11+r19; 
             
            R_Ar_g=0; 
            R_Ar_ss=0; 
             














































































             






             
            theta_sms_model(n+2,j+1)=theta_sms_model(n+1, 
j+1)+(dt*R_sms_ss); 
            
theta_dme_model(n+2,j+1)=theta_dme_model(n+1,j+1)+(dt*R_dme_ss); 
            
theta_water_model(n+2,j+1)=theta_water_model(n+1,j+1)+(dt*R_water_ss
); 
            
theta_formaldehyde_model(n+2,j+1)=theta_formaldehyde_model(n+1,j+1)+
(dt*R_formaldehyde_ss); 
            
theta_methane_model(n+2,j+1)=theta_methane_model(n+1,j+1)+(dt*R_meth
ane_ss); 
            
theta_hydrogen_model(n+2,j+1)=theta_hydrogen_model(n+1,j+1)+(dt*R_hy
drogen_ss); 
            
theta_dimethoxyethane_model(n+2,j+1)=theta_dimethoxyethane_model(n+1
,j+1)+(dt*R_dimethoxyethane_ss); 
            
theta_methanediol_model(n+2,j+1)=theta_methanediol_model(n+1,j+1)+(d
t*R_methanediol_ss); 
            
theta_alkene_ether_model(n+2,j+1)=theta_alkene_ether_model(n+1,j+1)+
(dt*R_alkene_ether_ss); 
            
theta_methylal_model(n+2,j+1)=theta_methylal_model(n+1,j+1)+(dt*R_me
thylal_ss); 
            
theta_propene_model(n+2,j+1)=theta_propene_model(n+1,j+1)+(dt*R_prop
ene_ss); 
            
theta_methoxymethyl_model(n+2,j+1)=theta_methoxymethyl_model(n+1,j+1
)+(dt*R_methoxymethyl_ss); 
             
            theta_Ar_model(n+2,j+1)=theta_Ar_model(n+1,j+1)+(dt*0); 
             




                -theta_water_model(n+2,j+1)-theta_Ar_model(n+2,j+1)-
theta_formaldehyde_model(n+2,j+1)... 
                -theta_methane_model(n+2,j+1)-
theta_hydrogen_model(n+2,j+1)-
theta_dimethoxyethane_model(n+2,j+1)... 
                -theta_methanediol_model(n+2,j+1)-
theta_alkene_ether_model(n+2,j+1)... 
                -theta_methylal_model(n+2,j+1)-
theta_propene_model(n+2,j+1)-theta_methoxymethyl_model(n+2,j+1); 
        end 
    end 
end 
  
%% 2nd boundary condition 
n_meth_model(:, J+1) = n_meth_model(:, J); 
n_dme_model(:, J+1) = n_dme_model(:, J); 
n_water_model(:, J+1) = n_water_model(:, J); 
n_formaldehyde_model(:, J+1) = n_formaldehyde_model(:, J); 
n_methane_model(:, J+1) = n_methane_model(:, J); 
n_hydrogen_model(:, J+1) = n_hydrogen_model(:, J); 
n_dimethoxyethane_model(:, J+1) = n_dimethoxyethane_model(:, J); 
n_methanediol_model(:, J+1) = n_methanediol_model(:, J); 
n_alkene_ether_model(:, J+1) = n_alkene_ether_model(:, J); 
n_methylal_model(:, J+1) = n_methylal_model(:, J); 
n_propene_model(:, J+1) = n_propene_model(:, J); 
n_Ar_model(:, J+1) = n_Ar_model(:,J); 
  
theta_sms_model(:, J+1) = theta_sms_model(:, J); 
theta_dme_model(:, J+1) = theta_dme_model(:, J); 
theta_water_model(:, J+1) = theta_water_model(:, J); 
theta_formaldehyde_model(:, J+1) = theta_formaldehyde_model(:, J); 
theta_methane_model(:, J+1) = theta_methane_model(:, J); 
theta_hydrogen_model(:, J+1) = theta_hydrogen_model(:, J); 
theta_dimethoxyethane_model(:, J+1) = theta_dimethoxyethane_model(:, 
J); 
theta_methanediol_model(:, J+1) = theta_methanediol_model(:, J); 
theta_alkene_ether_model(:, J+1) = theta_alkene_ether_model(:, J); 
theta_methylal_model(:, J+1) = theta_methylal_model(:, J); 
theta_propene_model(:, J+1) = theta_propene_model(:, J); 
theta_methoxymethyl_model(:, J+1) = theta_methoxymethyl_model(:, J); 
theta_Ar_model(:, J+1) = theta_Ar_model(:, J); 






plot(Tt, n_meth_model(:,end), 'b-',time,n_amu31_exp, 
'b.','LineWidth', 2.5) 
hold on 
plot(Tt, n_dme_model(:,end), 'g-',time, 
n_amu45_exp,'g.','LineWidth', 2.5) 
hold on 









xlabel('Time on stream, min','Fontweight', 'Bold', 'FontSize', 11) 
ylabel('Molar flowrate, mol\cdots^{-1}','Fontweight', 'Bold', 
'FontSize', 11) 







ax.FontSize = 11; 
  
figure 
plot(Tt, theta_sms_model(:,end), 'b-', Tt, theta_dme_model(:,end), 
'g-', Tt, theta_water_model(:,end), 'k-', Tt, 
theta_alkene_ether_model(:,end), 'c-', Tt, 
theta_methoxymethyl_model(:,end), 'm-', Tt, 
theta_formaldehyde_model(:,end), 'r-') 





ax.FontSize = 11; 
toc; 
  
%% objective function 
  
time_location=find(time | ~time); 
time_res=time(time_location); 
time_res_v2=round(time_res*1000)/1000; %round to 3d.p 
Tt_v2=round(Tt*1000)/1000;             %round to 3d.p 
  
[~,index]=ismember(time_res_v2, Tt_v2); % what elements of 












sse = (y_model - y_expt).^2; 
obj = sum(sum(sse)) 
  
  
sse_meth = (1/sum(y_expt(:,1)))*sse(:,1); 
sse_dme = (1/sum(y_expt(:,2)))*sse(:,2); 
266 
 
sse_water = (1/sum(y_expt(:,3)))*sse(:,3); 
sse_propene = (1/sum(y_expt(:,4)))*sse(:,4); 
  
sse_v2=[sse_meth, sse_dme, sse_water, sse_propene]; 
obj_v2 = sum(sum(sse_v2)) 
  
  
figure; plot(Tt, n_propene_model(:,end), 'm-', time, 
n_amu41_exp,'m.', 'LineWidth', 2.5) 















































ii. Function file – optimisation routine  
 
function obj_v2 = MOL21_obj_v3_appendix(k); 
%% using upwind scheme to solve PDE's arising from step response 
experiments%% 
%% using reaction scheme based on recent DFT evidence%% 






























%% experimental data 




n_amu31_exp = R_amu31s; 
n_amu45_exp = R_amu45s; 
n_amu18_exp = R_amu18s; 
n_amu40_exp = R_amu40s; 
n_amu28_exp = R_amu28s; 
n_amu91_exp = R_amu91s; 
n_amu27_exp = R_amu27s; 
n_amu41_exp = R_amu41s; 
  





pres = 1000;    %total pressure in the fixed bed (Pa) 
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R = 8.314;      %Molar gas constant, J/mol/K 
temp = 573; %input('what is the step response temperature in C? 
')+273; %Temperature in Kelvin 
  
  
%% reactor properties 
bed_length = 2e-3; %0.002 m 




%% Catalyst properties 
cat_density = 2200; %kg/m^3 
bed_porosity = 0.5; 
cat_diameter = 30e-6; %m 
  










% concentration of active sites per unit surface area of catalyst = 
acid 





%specific surface area of catalyst = 6/particle diameter 
Sv=6/cat_diameter; 
  
%% Define space and time domain 
  
% For bed length of 2 mm, define space domain parameters 
z0 = 0; %initial length of reactor 
z1 = 2e-3; %bed length 
J = 10; % number of strips 
dz = (z1-z0)/J; 
% disp(['J = ', num2str(J)]); 
% disp(' '); 
% disp(['dz = ', num2str(dz)]); 
% disp(' '); 
Z = dz*(0:J); 
dv=bed_area*dz; 
  
% For time equals time at last data point, define time domain 
t0 = 0;  %initial time 
time; 
tf = time(end); %final time (min) 
N = 4000000; %number of time steps 
dt=tf/N; %time step size 
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% disp(['dt = ', num2str(dt)]); 
% disp(' '); 
% disp(['N = ', num2str(N)]); 
% disp(' '); 
  
% T = (dt*(0:N))'; 
Tt = (dt*(0:N))'; 
  
%% stability factor, (u/eb)*(dt/dz) 
vel=0.00025; 
SF = (vel/bed_porosity)*(dt/dz); 
% disp(['SF = ', num2str(SF)]); 












if SF < 1 
    %% initialise solution space 
    n_meth_model=zeros(N+1, J+1); 
    n_dme_model=zeros(N+1, J+1); 
    n_water_model=zeros(N+1, J+1); 
    n_Ar_model=zeros(N+1, J+1); 
    n_methane_model=zeros(N+1, J+1); 
    n_propene_model=zeros(N+1, J+1); 
    n_alkene_ether_model=zeros(N+1,J+1); 
     
    theta_sms_model=zeros(N+1, J+1); 
    theta_methoxymethyl_model=zeros(N+1, J+1); 
    theta_dme_model=zeros(N+1, J+1); 
    theta_water_model=zeros(N+1, J+1); 
    theta_Ar_model=zeros(N+1, J+1); 
     
     
    theta_dimethoxyethane_model=zeros(N+1, J+1); 
     
    theta_alkene_ether_model=zeros(N+1,J+1); 
    theta_vacant_model=zeros(N+1, J+1); 
     
    % insert initial conditions into solution matrix. At time = t0, 
    % catalyst is empty and begins to fill up. 
    theta_sms_model(1,1) = 0; 
    theta_methoxymethyl_model(1,1) = 0; 
    theta_dme_model(1,1) = 0; 
    theta_water_model(1,1) = 0; 
    theta_Ar_model(1,1) = 0; 
    theta_dimethoxyethane_model(1,1) = 0; 
    theta_alkene_ether_model(1,1) = 0; 
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    theta_vacant_model(1,1) = 1-theta_sms_model(1,1)-
theta_methoxymethyl_model(1,1)... 
        -theta_dme_model(1,1)-theta_water_model(1,1)-
theta_Ar_model(1,1)... 
        -theta_dimethoxyethane_model(1,1)... 
        -theta_alkene_ether_model(1,1); 
     
    % n_dme_model(1,1) = n_DME;   %obtained from deconvolution file 
    % n_Ar_model(1,1) = n_ar;     %obtained from deconvolution file 
    n_meth_model(1,1) = 0; 
    n_water_model(1,1) = 0; 
    n_methane_model(1,1) = 0; 
    n_propene_model(1,1) = 0; 
    n_alkene_ether_model(1,1) = 0; 
     
     
    %% step function 
    % insert boundary conditions into solution matrix. At z = 0, a 
step 
    % response of oxygenates is introduced. 
     
     
    %% convection alone 
    %     if Tt(1,1) >= t0 && Tt(1,1) <= t0+dt 
    %         n_dme_model(:,1)=n_DME; 
    %         n_Ar_model(:,1)=n_ar; 
    %     elseif Tt(1,1) < t0 
    %         n_dme_model(:,1)=0; 
    %         n_Ar_model(:,1)=0; 
    %     elseif Tt(1,1)> t0+dt 
    %         n_dme_model(:,1)=n_DME; 
    %         n_Ar_model(:,1)=n_ar; 
    %     end 
     
    %% convection and dispersion 
    if Tt(1,1) >= t0 && Tt(1,1) <= t0+dt 
        n_dme_model(:,1)=n_DME-((D_dme/(vel*dz))*(n_dme_model(:,2)-
n_dme_model(:,1))); 
        n_Ar_model(:,1)=n_ar-((D_Ar/(vel*dz))*(n_Ar_model(:,2)-
n_Ar_model(:,1))); 
    elseif Tt(1,1) < t0 
        n_dme_model(:,1)=0; 
        n_Ar_model(:,1)=0; 
    elseif Tt(1,1)> t0+dt 
        n_dme_model(:,1)=n_DME-((D_dme/(vel*dz))*(n_dme_model(:,2)-
n_dme_model(:,1))); 
        n_Ar_model(:,1)=n_ar-((D_Ar/(vel*dz))*(n_Ar_model(:,2)-
n_Ar_model(:,1))); 
    end 
     
     
     
    theta_sms_model(:,1) = 0; 
    theta_methoxymethyl_model(:,1) = 0; 
    theta_dme_model(:,1) = 0; 
    theta_water_model(:,1) = 0; 
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    theta_Ar_model(:,1) = 0; 
     
    theta_dimethoxyethane_model(:,1) = 0; 
     
    theta_alkene_ether_model(:,1) = 0; 
    theta_vacant_model(:,1) = 1-theta_sms_model(:,1)-
theta_methoxymethyl_model(:,1)... 
        -theta_dme_model(:,1)-theta_water_model(:,1)-
theta_Ar_model(:,1)... 
        -theta_dimethoxyethane_model(:,1)... 
        -theta_alkene_ether_model(:,1); 
     
    n_meth_model(:,1) = 0; 
    n_water_model(:,1) = 0; 
    n_methane_model(:,1) = 0; 
    n_propene_model(:,1) = 0; 
    n_alkene_ether_model(:,1) = 0; 
     
     
    for n=0:1:N-1 
        for j=1:1:J-1 
             
            
r1=k1*((n_meth_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+1
,j+1); 
            r_1=k_1*theta_sms_model(n+1, 
j+1)*((n_water_model(n+1,j+1)./dv)*R*temp*dt); 
            
r2=k2*((n_dme_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+1,
j+1); 
            r_2=k_2*theta_sms_model(n+1, 
j+1)*((n_meth_model(n+1,j+1)./dv)*R*temp*dt); 
            
r3=k3*((n_water_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_model(n+
1,j+1); 
            r_3=k_3*theta_water_model(n+1, j+1); 
            
r4=k4*((n_meth_model(n+1,j+1)./dv)*R*temp*dt)*theta_sms_model(n+1, 
j+1); 
            r_4=k_4*theta_dme_model(n+1,j+1); 
            
r5=k5*((n_alkene_ether_model(n+1,j+1)./dv)*R*temp*dt)*theta_vacant_m
odel(n+1,j+1); 
            r_5=k_5*theta_alkene_ether_model(n+1, j+1); 
            r6=k6*theta_sms_model(n+1, 
j+1)*((n_dme_model(n+1,j+1)./dv)*R*temp*dt); 
            r7=k7*theta_methoxymethyl_model(n+1, 
j+1)*((n_dme_model(n+1,j+1)./dv)*R*temp*dt); 
            r8=k8*theta_dimethoxyethane_model(n+1, j+1); 
            r9=k9*theta_sms_model(n+1, 
j+1)*((n_alkene_ether_model(n+1,j+1)./dv)*R*temp*dt); 
             
             
             
            R_meth_g=-r1+r_1+r2-r_2-r4+r_4; 
            R_sms_ss=r1-r_1+r2-r_2-r4+r_4-r6-r9; 
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            R_dme_g=-r2+r_2-r6-r7; 
            R_dme_ss=r4-r_4; 
            R_water_g=r1-r_1-r3+r_3+r8; 
            R_water_ss=r3-r_3; 
            R_propene_g=r9; 
            R_methane_g=r6; 
            R_methoxymethyl_ss=r6+r9-r7; 
            R_dimethoxyethane_ss=r7-r8; 
            R_alkene_ether_g=-r5+r_5-r9; 
            R_alkene_ether_ss=r5-r_5+r8; 
             
            R_Ar_g=0; 
            R_Ar_ss=0; 
             







































             








             
            theta_sms_model(n+2,j+1)=theta_sms_model(n+1, 
j+1)+(dt*R_sms_ss); 
            
theta_dme_model(n+2,j+1)=theta_dme_model(n+1,j+1)+(dt*R_dme_ss); 
            
theta_water_model(n+2,j+1)=theta_water_model(n+1,j+1)+(dt*R_water_ss
); 
            
theta_dimethoxyethane_model(n+2,j+1)=theta_dimethoxyethane_model(n+1
,j+1)+(dt*R_dimethoxyethane_ss); 
            
theta_alkene_ether_model(n+2,j+1)=theta_alkene_ether_model(n+1,j+1)+
(dt*R_alkene_ether_ss); 
            
theta_methoxymethyl_model(n+2,j+1)=theta_methoxymethyl_model(n+1,j+1
)+(dt*R_methoxymethyl_ss); 
             
            theta_Ar_model(n+2,j+1)=theta_Ar_model(n+1,j+1)+(dt*0); 
             
            theta_vacant_model(n+2,j+1) = 1-
theta_sms_model(n+2,j+1)-theta_dme_model(n+2,j+1)... 
                -theta_water_model(n+2,j+1)-
theta_Ar_model(n+2,j+1)... 
                -theta_dimethoxyethane_model(n+2,j+1)... 
                -theta_alkene_ether_model(n+2,j+1)... 
                -theta_methoxymethyl_model(n+2,j+1); 
        end 
    end 
end 
  
%% 2nd boundary condition 
n_meth_model(:, J+1) = n_meth_model(:, J); 
n_dme_model(:, J+1) = n_dme_model(:, J); 
n_water_model(:, J+1) = n_water_model(:, J); 
n_methane_model(:, J+1) = n_methane_model(:, J); 
n_alkene_ether_model(:, J+1) = n_alkene_ether_model(:, J); 
n_propene_model(:, J+1) = n_propene_model(:, J); 
n_Ar_model(:, J+1) = n_Ar_model(:,J); 
  
theta_sms_model(:, J+1) = theta_sms_model(:, J); 
theta_dme_model(:, J+1) = theta_dme_model(:, J); 
theta_water_model(:, J+1) = theta_water_model(:, J); 
theta_dimethoxyethane_model(:, J+1) = theta_dimethoxyethane_model(:, 
J); 
theta_alkene_ether_model(:, J+1) = theta_alkene_ether_model(:, J); 
theta_methoxymethyl_model(:, J+1) = theta_methoxymethyl_model(:, J); 
theta_Ar_model(:, J+1) = theta_Ar_model(:, J); 







plot(Tt, n_meth_model(:,end), 'b-',time,n_amu31_exp, 
'b.','LineWidth', 2.5) 
hold on 
plot(Tt, n_dme_model(:,end), 'g-',time, 
n_amu45_exp,'g.','LineWidth', 2.5) 
hold on 
plot(Tt, n_water_model(:,end), 'c-', time, n_amu18_exp,'c.', 
'LineWidth', 2.5) 
hold on 




xlabel('Time on stream, min','Fontweight', 'Bold', 'FontSize', 11) 
ylabel('Molar flowrate, mol\cdots^{-1}','Fontweight', 'Bold', 
'FontSize', 11) 







ax.FontSize = 11; 
  
figure 
plot(Tt, theta_sms_model(:,end), 'b-', Tt, theta_dme_model(:,end), 
'g-', Tt, theta_water_model(:,end), 'k-', Tt, 
theta_alkene_ether_model(:,end), 'c-', Tt, 
theta_methoxymethyl_model(:,end), 'm-') 





ax.FontSize = 11; 
  
  
%% Objective  function 
  
time_location=find(time | ~time); 
time_res=time(time_location); 
time_res_v2=round(time_res*1000)/1000; %round to 3d.p 
Tt_v2=round(Tt*1000)/1000;             %round to 3d.p 
  
[~,index]=ismember(time_res_v2, Tt_v2); % what elements of 












sse = (y_model - y_expt).^2; 
obj = sum(sum(sse)) 
  
  
sse_meth = (1/sum(y_expt(:,1)))*sse(:,1); 
sse_dme = (1/sum(y_expt(:,2)))*sse(:,2); 
sse_water = (1/sum(y_expt(:,3)))*sse(:,3); 
sse_propene = (1/sum(y_expt(:,4)))*sse(:,4); 
  
sse_v2=[sse_meth, sse_dme, sse_water, sse_propene]; 





iii. Script file – optimisation routine  
 
%% using fminsearch 
  
k0=[0.00182 0.1010 0.00045 2.5 0.0003 50 0.00028 1.7 0.00375 812.5 
0.01 1.0 0.12875 200]; 
% options = optimset('PlotFcns',@optimplotfval); 
k = fminsearch('MOL21_obj_v3_Appendix', k0); 





























iv. Model data of the induction period experiments 
conducted in chapter 6 
 
Table S4: Model data obtained from raw data (QMS ion currents) after which were corrected 
for background levels and fragmentation contributions for the different molecules and 
sensitivity factors according to section S1 of supplementary information. 










0 -4.87E-12 1.08E-13 8.68E-11 -4.65E-12 5.41E-13 
0.05 -4.06E-12 1.51E-13 4.57E-11 -2.17E-12 1.54E-13 
0.100517 -4.84E-12 5.65E-13 4.36E-11 -1.01E-11 2.76E-13 
0.150517 -5.50E-12 8.77E-13 3.36E-11 -1.10E-11 -5.65E-14 
0.199467 -6.27E-12 1.71E-12 2.56E-11 -1.24E-11 -3.37E-13 
0.250517 -7.06E-12 2.17E-12 1.55E-11 -1.38E-11 -7.93E-13 
0.299467 -6.75E-12 3.65E-12 2.64E-11 -8.57E-12 -1.47E-12 
0.35 -4.53E-12 5.77E-12 2.86E-11 -1.86E-12 -1.83E-12 
0.4 -4.10E-12 7.41E-12 2.00E-11 -4.47E-13 -2.07E-12 
0.45025 -2.52E-12 8.96E-12 2.69E-11 4.91E-12 -1.30E-12 
0.499467 -1.72E-12 1.15E-11 2.82E-11 7.41E-12 -8.75E-13 
0.55 -9.08E-13 1.31E-11 1.02E-11 7.29E-12 -6.40E-13 
0.599733 -3.63E-12 1.38E-11 -4.04E-12 5.67E-12 4.99E-13 
0.649467 -2.65E-12 1.58E-11 1.45E-11 7.85E-12 1.43E-12 
0.70025 -3.27E-12 1.79E-11 3.40E-11 5.68E-12 1.18E-12 
0.75 -2.74E-12 1.86E-11 4.58E-11 7.96E-12 8.79E-13 
0.8 -3.03E-12 2.02E-11 6.80E-11 1.27E-11 1.03E-12 
0.85 -1.98E-12 2.22E-11 8.24E-11 1.51E-11 6.12E-13 
0.900517 -2.73E-13 2.19E-11 8.79E-11 1.67E-11 9.09E-14 
0.95 8.08E-13 2.22E-11 7.75E-11 1.68E-11 1.26E-12 
0.999733 1.50E-12 2.39E-11 8.24E-11 1.53E-11 1.52E-12 
1.05025 3.13E-12 2.48E-11 7.12E-11 1.34E-11 1.60E-12 
1.10025 3.14E-12 2.78E-11 8.56E-11 1.45E-11 1.72E-12 
1.149733 7.04E-13 3.01E-11 7.05E-11 1.41E-11 2.32E-12 
1.204683 1.71E-12 3.38E-11 7.63E-11 1.69E-11 1.80E-12 
1.266917 3.40E-12 3.63E-11 8.01E-11 1.57E-11 2.50E-12 
1.321867 2.30E-12 3.94E-11 7.64E-11 1.59E-11 1.86E-12 
1.383333 2.04E-12 4.02E-11 6.05E-11 1.42E-11 1.55E-12 
1.43775 2.79E-12 4.40E-11 7.78E-11 1.30E-11 9.83E-13 
1.499733 1.18E-12 4.66E-11 6.49E-11 1.02E-11 8.70E-13 
1.5539 3.48E-15 5.18E-11 6.69E-11 1.35E-11 -2.34E-13 
1.616667 1.42E-12 5.81E-11 7.72E-11 1.34E-11 -6.07E-13 
1.6716 1.48E-12 6.34E-11 7.69E-11 1.27E-11 -1.14E-13 
1.7328 1.69E-12 6.97E-11 6.31E-11 1.35E-11 -8.05E-14 
1.7875 2.31E-12 7.62E-11 6.91E-11 1.55E-11 -1.33E-12 
1.850767 1.11E-12 8.26E-11 5.64E-11 1.58E-11 -1.48E-12 
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1.9052 2.74E-13 8.69E-11 6.66E-11 1.69E-11 -9.96E-13 
1.966667 -3.24E-13 9.64E-11 6.73E-11 1.71E-11 -1.56E-12 
2.02135 -8.18E-13 1.08E-10 7.04E-11 1.97E-11 -1.98E-12 
2.083067 -2.58E-12 1.17E-10 7.11E-11 2.04E-11 -1.16E-12 
2.133333 -3.59E-12 1.27E-10 6.59E-11 1.96E-11 -5.98E-13 
2.1888 -4.77E-12 1.38E-10 6.49E-11 2.00E-11 6.75E-13 
2.25 -3.22E-12 1.50E-10 7.44E-11 2.28E-11 5.51E-14 
2.3052 -3.36E-12 1.58E-10 9.04E-11 1.93E-11 6.93E-13 
2.367183 -4.97E-13 1.68E-10 1.03E-10 1.75E-11 -2.56E-13 
2.416917 9.50E-13 1.77E-10 1.25E-10 2.04E-11 -2.02E-13 
2.4664 1.75E-12 1.89E-10 1.38E-10 2.25E-11 -1.25E-12 
2.516133 2.28E-12 2.04E-10 1.48E-10 2.06E-11 -1.97E-13 
2.565883 6.40E-12 2.21E-10 1.44E-10 2.39E-11 -4.69E-13 
2.620833 6.06E-12 2.40E-10 1.46E-10 2.37E-11 6.65E-13 
2.68385 5.97E-12 2.57E-10 1.45E-10 2.00E-11 3.58E-13 
2.733333 9.35E-12 2.67E-10 1.23E-10 1.68E-11 -5.29E-13 
2.783583 8.85E-12 2.76E-10 1.08E-10 1.44E-11 -4.27E-13 
2.8328 6.95E-12 2.88E-10 1.23E-10 1.52E-11 -1.11E-12 
2.883583 7.92E-12 2.99E-10 1.42E-10 1.75E-11 -2.38E-12 
2.938017 7.63E-12 3.14E-10 1.44E-10 2.06E-11 -3.33E-12 
3.00025 5.67E-12 3.33E-10 1.34E-10 2.08E-11 -2.86E-12 
3.05 7.10E-12 3.56E-10 1.27E-10 2.39E-11 -3.86E-12 
3.1 4.07E-12 3.73E-10 1.12E-10 2.23E-11 -3.37E-12 
3.15 4.20E-12 3.86E-10 8.85E-11 2.47E-11 -2.68E-12 
3.200517 8.42E-12 3.98E-10 9.75E-11 2.51E-11 -1.60E-12 
3.25 8.07E-12 4.08E-10 1.24E-10 2.45E-11 -1.22E-12 
3.304417 6.90E-12 4.28E-10 1.49E-10 2.38E-11 -1.61E-12 
3.366133 8.95E-12 4.43E-10 1.67E-10 2.76E-11 -2.39E-12 
3.416133 7.48E-12 4.65E-10 1.87E-10 2.38E-11 -3.25E-12 
3.470567 7.56E-12 4.88E-10 2.05E-10 2.06E-11 -4.29E-12 
3.533067 1.87E-11 5.11E-10 2.23E-10 2.16E-11 -5.76E-12 
3.583333 2.15E-11 5.25E-10 2.38E-10 2.29E-11 -5.91E-12 
3.633067 2.49E-11 5.40E-10 2.55E-10 1.97E-11 -4.15E-12 
3.68385 2.77E-11 5.40E-10 2.71E-10 1.96E-11 -3.60E-12 
3.73385 3.25E-11 5.47E-10 2.96E-10 2.10E-11 -2.79E-12 
3.783583 2.64E-11 5.54E-10 3.21E-10 2.19E-11 -2.63E-12 
3.833067 2.72E-11 5.55E-10 3.24E-10 1.92E-11 -2.58E-12 
3.883067 2.77E-11 5.68E-10 3.44E-10 2.08E-11 -4.40E-12 
3.93255 2.86E-11 5.83E-10 3.60E-10 2.00E-11 -4.96E-12 
3.983333 2.56E-11 5.98E-10 3.70E-10 2.15E-11 -4.80E-12 
4.033333 2.80E-11 6.14E-10 3.81E-10 2.10E-11 -4.20E-12 
4.09035 3.46E-11 6.31E-10 4.17E-10 2.07E-11 -4.63E-12 
4.150767 4.09E-11 6.47E-10 4.30E-10 1.87E-11 -3.95E-12 
4.200517 4.94E-11 6.61E-10 4.46E-10 2.14E-11 -3.39E-12 
4.250767 5.39E-11 6.71E-10 4.65E-10 2.04E-11 -4.40E-12 
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4.30155 5.88E-11 6.82E-10 4.94E-10 1.82E-11 -3.71E-12 
4.35025 5.95E-11 6.87E-10 5.26E-10 1.89E-11 -2.88E-12 
4.404683 6.01E-11 6.86E-10 5.73E-10 1.76E-11 -3.57E-12 
4.466667 5.97E-11 6.96E-10 6.15E-10 1.37E-11 -2.51E-12 
4.520567 6.11E-11 7.11E-10 6.60E-10 1.39E-11 -2.95E-12 
4.58385 6.42E-11 7.16E-10 6.75E-10 1.54E-11 -2.63E-12 
4.633067 6.85E-11 7.21E-10 7.17E-10 1.70E-11 -2.31E-12 
4.683333 7.45E-11 7.27E-10 7.56E-10 1.45E-11 -1.15E-12 
4.7341 7.83E-11 7.33E-10 7.92E-10 1.69E-11 -2.77E-12 
4.789583 8.63E-11 7.32E-10 8.13E-10 1.28E-11 -3.02E-12 
4.850517 9.10E-11 7.40E-10 8.69E-10 1.40E-11 -4.22E-12 
4.9052 9.34E-11 7.46E-10 8.93E-10 1.17E-11 -5.32E-12 
4.967183 9.44E-11 7.55E-10 9.16E-10 1.52E-11 -7.39E-12 
5.0164 9.98E-11 7.64E-10 9.39E-10 1.43E-11 -7.61E-12 
5.067183 1.00E-10 7.64E-10 1.00E-09 1.72E-11 -6.73E-12 
5.117183 1.07E-10 7.63E-10 1.03E-09 1.44E-11 -7.19E-12 
5.167183 1.10E-10 7.62E-10 1.07E-09 1.63E-11 -6.55E-12 
5.216917 1.13E-10 7.70E-10 1.08E-09 1.44E-11 -5.63E-12 
5.266667 1.14E-10 7.70E-10 1.11E-09 1.56E-11 -6.14E-12 
5.317433 1.18E-10 7.78E-10 1.10E-09 1.39E-11 -6.69E-12 
5.3664 1.11E-10 7.86E-10 1.11E-09 1.28E-11 -6.84E-12 
5.4216 1.13E-10 8.05E-10 1.11E-09 9.95E-12 -6.08E-12 
5.483333 1.16E-10 8.00E-10 1.14E-09 1.42E-11 -6.30E-12 
5.533583 1.19E-10 8.00E-10 1.14E-09 1.57E-11 -5.49E-12 
5.5828 1.26E-10 7.96E-10 1.15E-09 1.80E-11 -4.53E-12 
5.6341 1.31E-10 7.95E-10 1.18E-09 1.97E-11 -3.03E-12 
5.683333 1.37E-10 7.94E-10 1.18E-09 2.30E-11 -4.39E-12 
5.733583 1.41E-10 7.95E-10 1.19E-09 1.91E-11 -3.49E-12 
5.783583 1.39E-10 8.08E-10 1.23E-09 1.46E-11 -3.68E-12 
5.833333 1.38E-10 8.16E-10 1.24E-09 1.56E-11 -3.45E-12 
5.883333 1.44E-10 8.23E-10 1.22E-09 1.61E-11 -3.34E-12 
5.93385 1.45E-10 8.19E-10 1.25E-09 1.33E-11 -2.38E-12 
5.983067 1.44E-10 8.38E-10 1.27E-09 1.27E-11 -3.08E-12 
6.033583 1.50E-10 8.30E-10 1.27E-09 1.70E-11 -3.07E-12 
6.083583 1.56E-10 8.24E-10 1.28E-09 1.38E-11 -4.09E-12 
6.133583 1.51E-10 8.27E-10 1.28E-09 1.61E-11 -6.07E-12 
6.18385 1.51E-10 8.33E-10 1.31E-09 1.73E-11 -6.72E-12 
6.233583 1.55E-10 8.21E-10 1.31E-09 1.75E-11 -6.70E-12 
6.283583 1.59E-10 8.22E-10 1.31E-09 1.45E-11 -7.61E-12 
6.333333 1.51E-10 8.27E-10 1.30E-09 1.48E-11 -7.71E-12 
6.38385 1.49E-10 8.17E-10 1.32E-09 1.26E-11 -7.51E-12 
6.4328 1.50E-10 8.10E-10 1.31E-09 1.50E-11 -6.65E-12 
6.483583 1.48E-10 8.09E-10 1.33E-09 1.67E-11 -5.89E-12 
6.5375 1.40E-10 8.13E-10 1.35E-09 1.75E-11 -5.24E-12 
6.60025 1.39E-10 8.21E-10 1.40E-09 1.75E-11 -5.35E-12 
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6.65025 1.47E-10 8.36E-10 1.44E-09 1.87E-11 -5.04E-12 
6.700517 1.43E-10 8.51E-10 1.43E-09 1.58E-11 -6.70E-12 
6.75025 1.48E-10 8.53E-10 1.40E-09 1.68E-11 -7.82E-12 
6.799467 1.57E-10 8.51E-10 1.38E-09 1.68E-11 -7.26E-12 
6.849467 1.65E-10 8.49E-10 1.37E-09 1.71E-11 -7.87E-12 
6.900517 1.70E-10 8.46E-10 1.37E-09 1.90E-11 -7.75E-12 
6.949467 1.82E-10 8.37E-10 1.36E-09 2.09E-11 -6.93E-12 
7.004167 1.72E-10 8.41E-10 1.37E-09 1.80E-11 -6.48E-12 
7.067183 1.65E-10 8.54E-10 1.37E-09 1.80E-11 -6.81E-12 
7.117183 1.62E-10 8.63E-10 1.33E-09 1.89E-11 -6.29E-12 
7.166667 1.54E-10 8.60E-10 1.31E-09 1.43E-11 -6.82E-12 
7.217183 1.47E-10 8.66E-10 1.33E-09 1.52E-11 -7.01E-12 
7.266133 1.56E-10 8.68E-10 1.33E-09 1.46E-11 -7.37E-12 
7.3164 1.57E-10 8.63E-10 1.33E-09 1.37E-11 -8.10E-12 
7.3664 1.57E-10 8.65E-10 1.34E-09 1.02E-11 -6.80E-12 
7.416667 1.58E-10 8.76E-10 1.32E-09 1.11E-11 -6.89E-12 
7.466667 1.63E-10 8.79E-10 1.34E-09 9.02E-12 -7.34E-12 
7.516667 1.66E-10 8.80E-10 1.36E-09 1.37E-11 -8.20E-12 
7.567183 1.73E-10 8.81E-10 1.36E-09 1.30E-11 -7.56E-12 
7.617183 1.77E-10 8.72E-10 1.39E-09 1.26E-11 -8.54E-12 
7.666667 1.79E-10 8.82E-10 1.40E-09 1.44E-11 -8.51E-12 
7.7164 1.76E-10 8.77E-10 1.38E-09 1.53E-11 -8.66E-12 
7.766917 1.71E-10 8.93E-10 1.35E-09 1.23E-11 -8.62E-12 
7.817433 1.65E-10 9.02E-10 1.37E-09 1.27E-11 -8.09E-12 
7.866917 1.61E-10 9.13E-10 1.33E-09 1.82E-11 -9.06E-12 
7.916917 1.63E-10 8.97E-10 1.33E-09 1.61E-11 -8.84E-12 
7.967433 1.64E-10 9.06E-10 1.33E-09 1.53E-11 -8.61E-12 
8.017433 1.71E-10 8.93E-10 1.37E-09 1.55E-11 -7.58E-12 
8.066917 1.79E-10 8.90E-10 1.38E-09 1.58E-11 -8.78E-12 
8.1164 1.77E-10 8.87E-10 1.39E-09 1.30E-11 -8.19E-12 
8.1664 1.85E-10 8.92E-10 1.37E-09 1.53E-11 -7.92E-12 
8.216133 1.88E-10 8.93E-10 1.40E-09 1.78E-11 -7.22E-12 
8.267433 1.79E-10 8.89E-10 1.38E-09 1.75E-11 -6.88E-12 
8.322133 1.75E-10 8.93E-10 1.40E-09 1.87E-11 -6.85E-12 
8.383583 1.78E-10 8.88E-10 1.41E-09 2.22E-11 -6.34E-12 
8.4341 1.73E-10 8.90E-10 1.44E-09 1.99E-11 -5.93E-12 
8.483333 1.71E-10 8.94E-10 1.42E-09 1.61E-11 -5.67E-12 
8.533333 1.70E-10 9.13E-10 1.44E-09 1.73E-11 -5.79E-12 
8.58385 1.70E-10 9.12E-10 1.45E-09 1.74E-11 -5.17E-12 
8.63905 1.69E-10 9.22E-10 1.44E-09 1.47E-11 -5.62E-12 
8.70025 1.64E-10 9.24E-10 1.44E-09 1.28E-11 -6.53E-12 
8.75 1.68E-10 9.16E-10 1.46E-09 1.49E-11 -6.73E-12 
8.8 1.75E-10 9.12E-10 1.43E-09 1.41E-11 -6.70E-12 
8.85 1.69E-10 9.19E-10 1.40E-09 1.46E-11 -6.28E-12 
8.90025 1.76E-10 9.16E-10 1.38E-09 1.42E-11 -5.80E-12 
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8.95 1.78E-10 9.23E-10 1.40E-09 1.72E-11 -5.19E-12 
9 1.79E-10 9.30E-10 1.40E-09 1.51E-11 -4.57E-12 
9.049733 1.76E-10 9.16E-10 1.41E-09 1.63E-11 -4.85E-12 
9.100517 1.79E-10 9.09E-10 1.39E-09 1.63E-11 -5.42E-12 
9.15025 1.74E-10 9.09E-10 1.39E-09 1.72E-11 -6.03E-12 
9.201033 1.73E-10 9.07E-10 1.34E-09 1.65E-11 -7.23E-12 
9.25 1.65E-10 9.15E-10 1.33E-09 1.71E-11 -7.87E-12 
9.316917 1.67E-10 9.22E-10 1.34E-09 1.52E-11 -7.98E-12 
9.367183 1.70E-10 9.24E-10 1.38E-09 1.48E-11 -8.55E-12 
9.417183 1.71E-10 9.18E-10 1.39E-09 1.41E-11 -8.55E-12 
9.4664 1.80E-10 9.22E-10 1.42E-09 1.73E-11 -8.38E-12 
9.516917 1.80E-10 9.27E-10 1.39E-09 1.94E-11 -9.84E-12 
9.5664 1.76E-10 9.32E-10 1.36E-09 1.97E-11 -9.78E-12 
9.617183 1.71E-10 9.48E-10 1.31E-09 1.92E-11 -9.94E-12 
9.666917 1.73E-10 9.56E-10 1.32E-09 2.14E-11 -9.26E-12 
9.719 1.58E-10 9.52E-10 1.32E-09 1.86E-11 -7.97E-12 
9.766917 1.57E-10 9.49E-10 1.33E-09 1.61E-11 -7.66E-12 
9.8177 1.64E-10 9.49E-10 1.37E-09 1.81E-11 -8.52E-12 
9.866667 1.75E-10 9.46E-10 1.39E-09 1.73E-11 -7.83E-12 
9.917967 1.82E-10 9.62E-10 1.37E-09 1.59E-11 -8.37E-12 
9.968217 1.91E-10 9.59E-10 1.36E-09 1.88E-11 -7.85E-12 
10.01692 1.91E-10 9.52E-10 1.41E-09 2.16E-11 -7.54E-12 
10.0664 1.90E-10 9.51E-10 1.40E-09 2.36E-11 -7.15E-12 
10.11692 1.91E-10 9.40E-10 1.44E-09 2.54E-11 -7.18E-12 
10.16743 1.81E-10 9.34E-10 1.43E-09 2.52E-11 -7.57E-12 
10.21743 1.76E-10 9.36E-10 1.47E-09 2.11E-11 -8.41E-12 
10.26667 1.79E-10 9.47E-10 1.41E-09 2.15E-11 -6.73E-12 
10.31718 1.77E-10 9.56E-10 1.38E-09 2.14E-11 -6.73E-12 
10.36667 1.69E-10 9.69E-10 1.34E-09 2.03E-11 -6.96E-12 
10.41718 1.73E-10 9.56E-10 1.36E-09 1.93E-11 -6.41E-12 
10.48358 1.72E-10 9.61E-10 1.33E-09 2.25E-11 -6.01E-12 
10.53358 1.71E-10 9.63E-10 1.35E-09 2.27E-11 -7.30E-12 
10.5841 1.71E-10 9.68E-10 1.38E-09 1.94E-11 -6.69E-12 
10.6328 1.75E-10 9.65E-10 1.37E-09 1.90E-11 -5.78E-12 
10.68437 1.79E-10 9.69E-10 1.37E-09 1.81E-11 -5.03E-12 
10.73385 1.90E-10 9.66E-10 1.34E-09 1.43E-11 -6.16E-12 
10.78358 1.95E-10 9.64E-10 1.37E-09 1.10E-11 -4.43E-12 
10.83385 1.99E-10 9.66E-10 1.34E-09 9.61E-12 -4.57E-12 
10.88385 1.92E-10 9.65E-10 1.33E-09 8.94E-12 -5.35E-12 
10.93358 1.82E-10 9.81E-10 1.35E-09 8.65E-12 -6.99E-12 
10.98385 1.81E-10 9.83E-10 1.35E-09 8.70E-12 -5.82E-12 
11.03437 1.79E-10 9.86E-10 1.32E-09 1.16E-11 -7.33E-12 
11.08358 1.74E-10 9.79E-10 1.33E-09 1.15E-11 -7.90E-12 
11.1341 1.76E-10 9.76E-10 1.33E-09 1.32E-11 -7.19E-12 
11.18385 1.80E-10 9.70E-10 1.30E-09 1.38E-11 -6.44E-12 
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11.23385 1.71E-10 9.79E-10 1.31E-09 1.27E-11 -6.68E-12 
11.28333 1.71E-10 9.70E-10 1.31E-09 1.19E-11 -7.22E-12 
11.33385 1.81E-10 9.68E-10 1.30E-09 1.16E-11 -6.94E-12 
11.3841 1.78E-10 9.69E-10 1.29E-09 1.30E-11 -7.65E-12 
11.4341 1.73E-10 9.71E-10 1.27E-09 1.31E-11 -7.35E-12 
11.4841 1.65E-10 9.74E-10 1.28E-09 1.57E-11 -7.79E-12 
11.5341 1.67E-10 9.88E-10 1.29E-09 1.36E-11 -7.88E-12 
11.58358 1.64E-10 9.98E-10 1.27E-09 1.54E-11 -7.57E-12 
11.63333 1.70E-10 1.01E-09 1.29E-09 1.38E-11 -8.62E-12 
11.6828 1.78E-10 1.00E-09 1.30E-09 1.36E-11 -8.53E-12 
11.73385 1.87E-10 1.01E-09 1.29E-09 1.24E-11 -9.43E-12 
11.78437 1.86E-10 1.00E-09 1.28E-09 1.47E-11 -8.71E-12 
11.83307 1.79E-10 9.95E-10 1.31E-09 1.44E-11 -8.30E-12 
11.88307 1.79E-10 9.90E-10 1.33E-09 1.63E-11 -6.04E-12 
11.93358 1.83E-10 9.99E-10 1.32E-09 1.64E-11 -6.85E-12 
11.9828 1.84E-10 9.84E-10 1.33E-09 1.59E-11 -5.18E-12 
12.03385 1.92E-10 9.84E-10 1.31E-09 1.60E-11 -5.23E-12 
12.10025 1.91E-10 9.88E-10 1.31E-09 1.32E-11 -6.30E-12 
12.15025 1.88E-10 1.01E-09 1.28E-09 1.42E-11 -7.24E-12 
12.19973 1.80E-10 9.99E-10 1.27E-09 1.69E-11 -7.15E-12 
12.25103 1.78E-10 1.01E-09 1.27E-09 1.90E-11 -8.31E-12 
12.30025 1.69E-10 1.02E-09 1.28E-09 1.79E-11 -8.26E-12 
12.35077 1.68E-10 1.02E-09 1.28E-09 1.99E-11 -8.40E-12 
12.40025 1.69E-10 1.01E-09 1.28E-09 2.02E-11 -8.57E-12 
12.45 1.75E-10 1.01E-09 1.32E-09 1.76E-11 -9.38E-12 
12.5 1.74E-10 1.01E-09 1.32E-09 1.58E-11 -8.83E-12 
12.55 1.70E-10 1.01E-09 1.34E-09 1.55E-11 -9.68E-12 
12.60025 1.72E-10 1.01E-09 1.35E-09 1.42E-11 -9.57E-12 
12.64922 1.79E-10 9.98E-10 1.37E-09 1.13E-11 -8.96E-12 
12.70077 1.66E-10 1.00E-09 1.31E-09 9.16E-12 -7.63E-12 
12.74973 1.67E-10 9.99E-10 1.28E-09 9.55E-12 -7.79E-12 
12.80025 1.72E-10 1.01E-09 1.26E-09 1.11E-11 -7.45E-12 
12.85 1.74E-10 1.01E-09 1.25E-09 1.55E-11 -7.21E-12 
12.90077 1.73E-10 1.01E-09 1.25E-09 1.46E-11 -7.35E-12 
12.95 1.79E-10 1.01E-09 1.31E-09 1.65E-11 -7.30E-12 
13.00077 1.86E-10 1.02E-09 1.34E-09 1.57E-11 -7.26E-12 
13.0664 1.93E-10 1.01E-09 1.37E-09 1.42E-11 -7.74E-12 
13.11667 1.96E-10 1.01E-09 1.37E-09 1.18E-11 -7.29E-12 
13.16692 1.97E-10 1.02E-09 1.34E-09 1.39E-11 -7.63E-12 
13.2177 1.98E-10 1.03E-09 1.30E-09 1.59E-11 -6.89E-12 
13.26692 1.94E-10 1.02E-09 1.27E-09 2.11E-11 -6.85E-12 
13.31718 1.88E-10 1.02E-09 1.23E-09 1.98E-11 -6.41E-12 
13.36667 1.86E-10 1.02E-09 1.19E-09 2.09E-11 -6.05E-12 
13.41667 1.74E-10 1.02E-09 1.23E-09 1.81E-11 -6.21E-12 
13.4664 1.73E-10 1.01E-09 1.24E-09 1.50E-11 -8.01E-12 
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13.5164 1.73E-10 1.02E-09 1.27E-09 1.35E-11 -7.65E-12 
13.56667 1.74E-10 1.02E-09 1.26E-09 1.38E-11 -6.77E-12 
13.6164 1.63E-10 1.01E-09 1.28E-09 1.03E-11 -6.71E-12 
13.66743 1.70E-10 1.01E-09 1.27E-09 1.26E-11 -6.08E-12 
13.71692 1.66E-10 1.02E-09 1.26E-09 1.15E-11 -4.28E-12 
13.76667 1.66E-10 1.02E-09 1.22E-09 1.17E-11 -5.33E-12 
13.81743 1.61E-10 1.03E-09 1.24E-09 1.05E-11 -5.33E-12 
13.86692 1.64E-10 1.03E-09 1.27E-09 1.43E-11 -6.42E-12 
13.91692 1.68E-10 1.03E-09 1.26E-09 1.14E-11 -6.69E-12 
13.96692 1.68E-10 1.03E-09 1.26E-09 1.28E-11 -7.85E-12 
14.01667 1.62E-10 1.04E-09 1.27E-09 7.18E-12 -7.45E-12 
14.06667 1.66E-10 1.05E-09 1.24E-09 9.20E-12 -8.81E-12 
14.11797 1.73E-10 1.05E-09 1.24E-09 5.92E-12 -8.21E-12 
14.16692 1.66E-10 1.05E-09 1.24E-09 6.18E-12 -9.07E-12 
14.21667 1.68E-10 1.03E-09 1.26E-09 9.77E-12 -9.57E-12 
14.26667 1.70E-10 1.02E-09 1.26E-09 1.72E-11 -9.82E-12 
14.3177 1.72E-10 1.02E-09 1.28E-09 1.54E-11 -9.45E-12 
14.36692 1.78E-10 1.01E-09 1.24E-09 1.66E-11 -8.94E-12 
14.41667 1.79E-10 1.01E-09 1.23E-09 2.01E-11 -9.53E-12 
14.46718 1.78E-10 1.02E-09 1.22E-09 1.99E-11 -8.78E-12 
14.53358 1.85E-10 1.04E-09 1.21E-09 1.72E-11 -7.69E-12 
14.58567 1.78E-10 1.05E-09 1.22E-09 1.64E-11 -7.62E-12 
14.6341 1.67E-10 1.06E-09 1.23E-09 1.62E-11 -8.81E-12 
14.68358 1.64E-10 1.06E-09 1.26E-09 1.35E-11 -7.60E-12 
14.73385 1.76E-10 1.07E-09 1.26E-09 1.12E-11 -7.76E-12 
14.78358 1.76E-10 1.06E-09 1.24E-09 1.39E-11 -7.77E-12 
14.83358 1.82E-10 1.04E-09 1.22E-09 1.88E-11 -7.92E-12 
14.88307 1.84E-10 1.03E-09 1.25E-09 1.77E-11 -7.90E-12 
14.93385 1.88E-10 1.04E-09 1.26E-09 1.59E-11 -7.98E-12 
14.98437 1.80E-10 1.03E-09 1.23E-09 1.65E-11 -8.07E-12 
15.03488 1.70E-10 1.04E-09 1.25E-09 1.00E-11 -9.10E-12 
15.08463 1.66E-10 1.05E-09 1.25E-09 9.08E-12 -9.13E-12 
15.13385 1.68E-10 1.05E-09 1.23E-09 8.87E-12 -8.72E-12 
15.18385 1.70E-10 1.05E-09 1.22E-09 1.25E-11 -8.45E-12 
15.23358 1.70E-10 1.06E-09 1.22E-09 1.02E-11 -8.40E-12 
15.28333 1.72E-10 1.05E-09 1.19E-09 1.25E-11 -8.23E-12 
15.3341 1.71E-10 1.05E-09 1.18E-09 9.83E-12 -6.99E-12 
15.38488 1.74E-10 1.05E-09 1.17E-09 1.37E-11 -7.55E-12 
15.43542 1.77E-10 1.06E-09 1.14E-09 1.23E-11 -7.23E-12 
15.4841 1.74E-10 1.06E-09 1.14E-09 1.34E-11 -7.60E-12 
15.53488 1.78E-10 1.08E-09 1.17E-09 1.09E-11 -8.33E-12 
15.5841 1.87E-10 1.08E-09 1.17E-09 1.18E-11 -8.74E-12 
15.63515 1.80E-10 1.08E-09 1.16E-09 7.95E-12 -8.34E-12 
15.6841 1.75E-10 1.08E-09 1.18E-09 9.16E-12 -9.67E-12 
15.73542 1.75E-10 1.07E-09 1.20E-09 1.29E-11 -9.97E-12 
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15.78437 1.75E-10 1.06E-09 1.19E-09 1.84E-11 -9.37E-12 
15.83385 1.63E-10 1.06E-09 1.21E-09 1.77E-11 -1.02E-11 
15.88333 1.69E-10 1.07E-09 1.20E-09 2.01E-11 -1.00E-11 
15.93333 1.63E-10 1.06E-09 1.19E-09 1.78E-11 -9.86E-12 
15.98488 1.66E-10 1.06E-09 1.17E-09 1.42E-11 -9.74E-12 
16.0341 1.64E-10 1.06E-09 1.16E-09 1.18E-11 -9.70E-12 
16.10103 1.71E-10 1.06E-09 1.15E-09 1.28E-11 -9.55E-12 
16.15052 1.72E-10 1.07E-09 1.16E-09 1.35E-11 -9.36E-12 
16.20052 1.71E-10 1.08E-09 1.17E-09 1.42E-11 -9.08E-12 
16.25052 1.77E-10 1.07E-09 1.18E-09 1.79E-11 -7.95E-12 
16.30103 1.79E-10 1.06E-09 1.16E-09 1.73E-11 -8.16E-12 
16.35025 1.76E-10 1.06E-09 1.14E-09 1.84E-11 -9.14E-12 
16.40103 1.73E-10 1.06E-09 1.15E-09 1.62E-11 -1.02E-11 
16.45025 1.79E-10 1.06E-09 1.17E-09 1.51E-11 -9.54E-12 
16.5 1.73E-10 1.06E-09 1.15E-09 1.48E-11 -1.10E-11 
16.55077 1.71E-10 1.06E-09 1.15E-09 1.40E-11 -1.02E-11 
16.60077 1.65E-10 1.06E-09 1.17E-09 1.59E-11 -8.30E-12 
16.65 1.67E-10 1.05E-09 1.15E-09 1.85E-11 -7.20E-12 
16.70103 1.73E-10 1.05E-09 1.11E-09 2.15E-11 -7.42E-12 
16.75052 1.80E-10 1.06E-09 1.10E-09 2.15E-11 -6.89E-12 
16.80025 1.73E-10 1.06E-09 1.13E-09 2.49E-11 -7.39E-12 
16.85052 1.80E-10 1.06E-09 1.12E-09 2.16E-11 -9.01E-12 
16.90025 1.72E-10 1.07E-09 1.13E-09 2.10E-11 -8.64E-12 
16.95 1.67E-10 1.07E-09 1.13E-09 1.97E-11 -9.34E-12 
17 1.59E-10 1.08E-09 1.16E-09 1.97E-11 -8.35E-12 
17.04973 1.66E-10 1.08E-09 1.17E-09 1.59E-11 -8.16E-12 
17.09973 1.66E-10 1.08E-09 1.18E-09 1.52E-11 -7.65E-12 
17.15025 1.67E-10 1.08E-09 1.15E-09 1.27E-11 -8.63E-12 
17.19947 1.66E-10 1.08E-09 1.15E-09 1.17E-11 -8.39E-12 
17.25052 1.68E-10 1.08E-09 1.14E-09 1.11E-11 -8.75E-12 
17.30025 1.67E-10 1.08E-09 1.11E-09 1.24E-11 -9.25E-12 
17.34973 1.63E-10 1.09E-09 1.08E-09 1.19E-11 -8.96E-12 
17.41692 1.69E-10 1.08E-09 1.08E-09 1.27E-11 -8.74E-12 
17.46667 1.70E-10 1.08E-09 1.08E-09 1.38E-11 -8.71E-12 
17.51718 1.74E-10 1.06E-09 1.08E-09 1.39E-11 -8.63E-12 
17.56613 1.73E-10 1.07E-09 1.08E-09 1.28E-11 -8.14E-12 
17.61692 1.71E-10 1.06E-09 1.11E-09 1.41E-11 -8.35E-12 
17.66692 1.71E-10 1.06E-09 1.14E-09 1.53E-11 -8.97E-12 
17.71667 1.73E-10 1.06E-09 1.12E-09 1.82E-11 -9.40E-12 
17.76667 1.64E-10 1.08E-09 1.12E-09 1.50E-11 -1.03E-11 
17.81718 1.73E-10 1.07E-09 1.13E-09 1.65E-11 -1.03E-11 
17.86718 1.75E-10 1.08E-09 1.14E-09 1.55E-11 -1.04E-11 
17.9177 1.71E-10 1.07E-09 1.09E-09 1.28E-11 -1.02E-11 
17.96667 1.69E-10 1.09E-09 1.11E-09 7.91E-12 -1.01E-11 
18.01613 1.78E-10 1.08E-09 1.12E-09 8.83E-12 -8.41E-12 
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18.06718 1.73E-10 1.08E-09 1.09E-09 6.31E-12 -8.69E-12 
18.11692 1.79E-10 1.08E-09 1.08E-09 6.89E-12 -8.00E-12 
18.16692 1.82E-10 1.08E-09 1.11E-09 6.47E-12 -7.35E-12 
18.21692 1.84E-10 1.08E-09 1.11E-09 6.21E-12 -7.04E-12 
18.26667 1.76E-10 1.09E-09 1.12E-09 6.72E-12 -7.53E-12 
18.31613 1.74E-10 1.09E-09 1.11E-09 7.85E-12 -7.09E-12 
18.36667 1.75E-10 1.09E-09 1.10E-09 9.76E-12 -6.78E-12 
18.41718 1.81E-10 1.09E-09 1.07E-09 1.11E-11 -7.27E-12 
18.46667 1.77E-10 1.09E-09 1.09E-09 1.25E-11 -7.89E-12 
18.5164 1.83E-10 1.07E-09 1.08E-09 1.29E-11 -7.95E-12 
18.56743 1.82E-10 1.08E-09 1.09E-09 1.53E-11 -9.32E-12 
18.61692 1.75E-10 1.08E-09 1.09E-09 1.50E-11 -1.07E-11 
18.66692 1.74E-10 1.08E-09 1.09E-09 1.28E-11 -1.10E-11 
18.71692 1.84E-10 1.08E-09 1.07E-09 1.28E-11 -9.40E-12 
18.76692 1.75E-10 1.09E-09 1.06E-09 1.36E-11 -9.73E-12 
18.81667 1.72E-10 1.09E-09 1.08E-09 1.17E-11 -8.95E-12 
18.86692 1.77E-10 1.10E-09 1.06E-09 1.19E-11 -8.05E-12 
18.91692 1.75E-10 1.11E-09 1.07E-09 1.30E-11 -7.60E-12 
18.96692 1.65E-10 1.11E-09 1.09E-09 1.50E-11 -9.48E-12 
19.01692 1.71E-10 1.11E-09 1.07E-09 1.44E-11 -9.94E-12 
19.06692 1.74E-10 1.12E-09 1.05E-09 1.42E-11 -8.79E-12 
19.1164 1.74E-10 1.12E-09 1.06E-09 1.08E-11 -9.54E-12 
19.16718 1.66E-10 1.11E-09 1.09E-09 1.29E-11 -9.22E-12 
19.21718 1.69E-10 1.11E-09 1.07E-09 1.11E-11 -7.72E-12 
19.26692 1.65E-10 1.11E-09 1.06E-09 8.27E-12 -8.58E-12 
19.31667 1.70E-10 1.10E-09 1.06E-09 9.10E-12 -8.63E-12 
19.36692 1.64E-10 1.11E-09 1.06E-09 1.22E-11 -8.21E-12 
19.41718 1.68E-10 1.12E-09 1.05E-09 1.49E-11 -8.18E-12 
19.46822 1.67E-10 1.13E-09 1.04E-09 1.50E-11 -8.65E-12 
19.51692 1.73E-10 1.13E-09 1.04E-09 1.70E-11 -7.46E-12 
19.56692 1.73E-10 1.13E-09 1.05E-09 1.69E-11 -7.95E-12 
19.61743 1.83E-10 1.12E-09 1.04E-09 1.67E-11 -7.83E-12 
19.66743 1.88E-10 1.12E-09 1.06E-09 1.41E-11 -7.60E-12 
19.7164 1.88E-10 1.11E-09 1.07E-09 1.43E-11 -8.62E-12 
19.76718 1.82E-10 1.10E-09 1.05E-09 1.52E-11 -8.77E-12 
19.81692 1.79E-10 1.11E-09 1.11E-09 1.37E-11 -8.55E-12 
19.86667 1.69E-10 1.12E-09 1.12E-09 1.23E-11 -8.24E-12 
19.91667 1.68E-10 1.13E-09 1.11E-09 1.27E-11 -8.72E-12 
19.96718 1.77E-10 1.12E-09 1.12E-09 1.20E-11 -7.15E-12 
20.01743 1.81E-10 1.11E-09 1.13E-09 9.51E-12 -6.20E-12 
20.06667 1.79E-10 1.12E-09 1.08E-09 1.13E-11 -5.50E-12 
20.11667 1.84E-10 1.12E-09 1.07E-09 1.18E-11 -5.80E-12 
20.16588 1.79E-10 1.13E-09 1.05E-09 1.31E-11 -4.87E-12 
20.21692 1.68E-10 1.14E-09 1.01E-09 1.47E-11 -5.25E-12 
20.26667 1.70E-10 1.15E-09 1.03E-09 1.68E-11 -4.74E-12 
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20.31692 1.77E-10 1.15E-09 1.04E-09 1.80E-11 -6.23E-12 
20.36692 1.78E-10 1.14E-09 1.05E-09 1.71E-11 -5.88E-12 
20.41667 1.76E-10 1.14E-09 1.04E-09 1.35E-11 -6.49E-12 
20.4664 1.80E-10 1.14E-09 1.09E-09 1.15E-11 -6.58E-12 
20.51718 1.77E-10 1.14E-09 1.08E-09 9.77E-12 -7.54E-12 
20.56667 1.72E-10 1.14E-09 1.08E-09 1.01E-11 -7.60E-12 
20.63358 1.68E-10 1.14E-09 1.08E-09 9.94E-12 -6.79E-12 
20.69973 1.70E-10 1.13E-09 1.08E-09 9.95E-12 -6.55E-12 
20.75103 1.70E-10 1.13E-09 1.04E-09 1.18E-11 -6.35E-12 
20.80025 1.76E-10 1.13E-09 1.05E-09 1.41E-11 -6.63E-12 
20.85025 1.70E-10 1.13E-09 1.02E-09 1.32E-11 -6.20E-12 
20.9 1.71E-10 1.13E-09 1.04E-09 1.15E-11 -7.21E-12 
20.95 1.71E-10 1.14E-09 1.02E-09 1.55E-11 -7.96E-12 
21.00077 1.65E-10 1.13E-09 1.06E-09 1.26E-11 -8.69E-12 
21.05 1.60E-10 1.13E-09 1.04E-09 9.51E-12 -9.26E-12 
21.1 1.66E-10 1.14E-09 1.06E-09 9.28E-12 -9.44E-12 
21.14973 1.62E-10 1.15E-09 1.02E-09 1.27E-11 -9.74E-12 
21.19947 1.66E-10 1.14E-09 1.03E-09 1.00E-11 -9.29E-12 
21.24973 1.75E-10 1.15E-09 9.85E-10 1.47E-11 -9.60E-12 
21.29947 1.72E-10 1.15E-09 1.00E-09 1.63E-11 -9.51E-12 
21.35 1.66E-10 1.15E-09 1.02E-09 1.56E-11 -8.61E-12 
21.40052 1.70E-10 1.14E-09 1.04E-09 1.22E-11 -8.97E-12 
21.45 1.68E-10 1.14E-09 1.03E-09 1.29E-11 -9.70E-12 
21.50052 1.69E-10 1.15E-09 1.02E-09 1.44E-11 -9.19E-12 
21.55 1.69E-10 1.16E-09 9.82E-10 1.41E-11 -9.08E-12 
21.59973 1.72E-10 1.15E-09 9.48E-10 1.59E-11 -9.78E-12 
21.65 1.67E-10 1.16E-09 9.42E-10 1.72E-11 -8.67E-12 
21.7 1.61E-10 1.15E-09 9.34E-10 1.72E-11 -7.50E-12 
21.75052 1.55E-10 1.15E-09 9.29E-10 1.19E-11 -8.06E-12 
21.80025 1.61E-10 1.16E-09 9.40E-10 1.18E-11 -7.61E-12 
21.85 1.68E-10 1.16E-09 9.79E-10 1.00E-11 -6.92E-12 
21.90103 1.73E-10 1.15E-09 9.71E-10 1.24E-11 -7.75E-12 
21.95025 1.79E-10 1.15E-09 1.01E-09 1.50E-11 -8.05E-12 
22.00052 1.72E-10 1.15E-09 1.03E-09 1.79E-11 -8.05E-12 
22.05025 1.70E-10 1.15E-09 1.02E-09 1.73E-11 -8.10E-12 
22.1 1.63E-10 1.14E-09 1.00E-09 1.70E-11 -8.09E-12 
22.14947 1.64E-10 1.15E-09 1.00E-09 1.63E-11 -7.80E-12 
22.20077 1.60E-10 1.16E-09 9.73E-10 1.18E-11 -8.03E-12 
22.25 1.65E-10 1.17E-09 9.52E-10 9.24E-12 -7.93E-12 
22.30077 1.63E-10 1.16E-09 9.56E-10 1.03E-11 -9.12E-12 
22.36667 1.65E-10 1.17E-09 9.70E-10 1.17E-11 -1.05E-11 
22.41692 1.58E-10 1.15E-09 9.76E-10 1.04E-11 -1.09E-11 
22.46743 1.63E-10 1.14E-09 9.91E-10 9.92E-12 -1.05E-11 
22.51692 1.63E-10 1.13E-09 1.00E-09 9.77E-12 -1.02E-11 
22.56692 1.67E-10 1.14E-09 1.02E-09 9.83E-12 -9.99E-12 
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22.6177 1.66E-10 1.14E-09 9.99E-10 1.05E-11 -9.68E-12 
22.66743 1.66E-10 1.15E-09 9.95E-10 1.22E-11 -9.49E-12 
22.7164 1.73E-10 1.14E-09 9.83E-10 1.27E-11 -1.05E-11 
22.7664 1.71E-10 1.13E-09 9.70E-10 1.52E-11 -1.03E-11 
22.81692 1.64E-10 1.13E-09 9.62E-10 1.60E-11 -9.60E-12 
22.86667 1.55E-10 1.14E-09 9.65E-10 1.44E-11 -1.03E-11 
22.91718 1.63E-10 1.14E-09 9.56E-10 1.19E-11 -9.22E-12 
22.96692 1.53E-10 1.15E-09 9.52E-10 1.46E-11 -7.91E-12 
23.01692 1.56E-10 1.14E-09 9.67E-10 1.26E-11 -6.78E-12 
23.06692 1.60E-10 1.15E-09 9.67E-10 1.07E-11 -7.53E-12 
23.11667 1.69E-10 1.15E-09 9.28E-10 1.13E-11 -6.02E-12 
23.16692 1.70E-10 1.15E-09 9.15E-10 1.26E-11 -6.32E-12 
23.2164 1.65E-10 1.15E-09 9.40E-10 1.33E-11 -7.98E-12 
23.2664 1.61E-10 1.17E-09 9.44E-10 1.39E-11 -8.88E-12 
23.31692 1.62E-10 1.16E-09 9.49E-10 1.45E-11 -8.28E-12 
23.36667 1.60E-10 1.16E-09 9.73E-10 1.31E-11 -8.54E-12 
23.4328 1.53E-10 1.17E-09 9.92E-10 1.62E-11 -9.42E-12 
23.48437 1.61E-10 1.17E-09 9.85E-10 1.45E-11 -9.10E-12 
23.5341 1.68E-10 1.17E-09 9.92E-10 1.36E-11 -9.11E-12 
23.58358 1.69E-10 1.17E-09 9.97E-10 1.62E-11 -9.02E-12 
23.65025 1.68E-10 1.16E-09 1.02E-09 1.51E-11 -8.29E-12 
23.7 1.63E-10 1.17E-09 1.01E-09 1.41E-11 -8.23E-12 
23.75025 1.66E-10 1.16E-09 9.99E-10 1.59E-11 -7.88E-12 
23.8 1.65E-10 1.15E-09 9.56E-10 1.70E-11 -7.51E-12 
23.85025 1.63E-10 1.15E-09 9.53E-10 1.41E-11 -8.56E-12 
23.89947 1.64E-10 1.15E-09 9.28E-10 1.76E-11 -9.43E-12 
23.95103 1.70E-10 1.14E-09 9.38E-10 1.46E-11 -9.28E-12 
24.00077 1.66E-10 1.15E-09 9.68E-10 1.13E-11 -9.11E-12 
24.06692 1.62E-10 1.14E-09 9.79E-10 1.39E-11 -7.85E-12 
24.11692 1.56E-10 1.15E-09 9.47E-10 1.44E-11 -6.87E-12 
24.16667 1.57E-10 1.15E-09 9.74E-10 1.23E-11 -7.59E-12 
24.21667 1.58E-10 1.15E-09 9.79E-10 1.64E-11 -7.98E-12 
24.2664 1.56E-10 1.16E-09 9.42E-10 1.59E-11 -7.42E-12 
24.3164 1.57E-10 1.17E-09 9.71E-10 1.37E-11 -8.35E-12 
24.3664 1.63E-10 1.19E-09 9.77E-10 1.28E-11 -8.61E-12 
24.41667 1.61E-10 1.19E-09 9.39E-10 1.35E-11 -8.39E-12 
24.46667 1.63E-10 1.19E-09 9.30E-10 9.86E-12 -8.50E-12 
24.51718 1.68E-10 1.19E-09 9.28E-10 1.03E-11 -9.12E-12 
24.56667 1.67E-10 1.19E-09 8.95E-10 7.73E-12 -9.91E-12 
24.61692 1.69E-10 1.18E-09 9.31E-10 8.35E-12 -9.24E-12 
24.6664 1.75E-10 1.18E-09 9.36E-10 8.78E-12 -9.76E-12 
24.71718 1.75E-10 1.19E-09 9.34E-10 8.25E-12 -9.79E-12 
24.7677 1.64E-10 1.19E-09 9.42E-10 9.47E-12 -1.01E-11 
24.81692 1.63E-10 1.19E-09 9.57E-10 1.26E-11 -9.96E-12 
24.86743 1.58E-10 1.19E-09 9.26E-10 1.51E-11 -1.05E-11 
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24.9177 1.54E-10 1.20E-09 9.50E-10 1.67E-11 -1.01E-11 
24.96692 1.58E-10 1.20E-09 9.37E-10 1.78E-11 -9.82E-12 
25.01692 1.66E-10 1.20E-09 9.20E-10 1.69E-11 -9.45E-12 
25.06743 1.72E-10 1.20E-09 9.14E-10 1.74E-11 -9.80E-12 
25.11667 1.69E-10 1.20E-09 9.25E-10 1.47E-11 -9.29E-12 
25.1664 1.71E-10 1.20E-09 9.11E-10 1.36E-11 -8.87E-12 
25.2164 1.78E-10 1.20E-09 9.25E-10 1.22E-11 -8.79E-12 
25.26743 1.84E-10 1.20E-09 9.32E-10 1.46E-11 -8.37E-12 
25.31743 1.82E-10 1.19E-09 9.27E-10 1.42E-11 -8.89E-12 
25.36718 1.84E-10 1.19E-09 9.12E-10 1.68E-11 -9.60E-12 
25.41692 1.80E-10 1.18E-09 9.04E-10 1.81E-11 -9.54E-12 
25.46667 1.64E-10 1.19E-09 9.48E-10 1.79E-11 -9.94E-12 
25.51667 1.68E-10 1.18E-09 9.68E-10 1.44E-11 -9.86E-12 
25.56692 1.70E-10 1.20E-09 9.42E-10 1.62E-11 -8.80E-12 
25.63307 1.67E-10 1.20E-09 9.65E-10 1.43E-11 -8.14E-12 
25.68307 1.68E-10 1.20E-09 9.83E-10 1.45E-11 -7.25E-12 
25.73385 1.68E-10 1.19E-09 9.56E-10 1.75E-11 -6.50E-12 
25.78333 1.60E-10 1.21E-09 9.37E-10 2.10E-11 -7.44E-12 
25.83358 1.63E-10 1.19E-09 9.92E-10 1.61E-11 -6.06E-12 
25.88437 1.69E-10 1.19E-09 9.54E-10 1.62E-11 -5.89E-12 
25.93307 1.68E-10 1.19E-09 9.25E-10 1.53E-11 -5.60E-12 
25.98358 1.72E-10 1.20E-09 9.36E-10 1.59E-11 -5.04E-12 
26.03333 1.67E-10 1.19E-09 9.22E-10 1.42E-11 -3.17E-12 
26.08358 1.68E-10 1.19E-09 8.87E-10 1.79E-11 -3.86E-12 
26.13385 1.62E-10 1.19E-09 9.08E-10 1.89E-11 -4.39E-12 
26.20025 1.69E-10 1.21E-09 8.99E-10 1.58E-11 -5.81E-12 
26.25 1.67E-10 1.22E-09 8.69E-10 1.61E-11 -7.61E-12 
26.30025 1.75E-10 1.22E-09 8.86E-10 1.67E-11 -8.18E-12 
26.3638 1.65E-10 1.23E-09 8.77E-10 1.36E-11 -7.18E-12 
26.41978 1.70E-10 1.22E-09 8.67E-10 1.71E-11 -6.42E-12 
26.46718 1.66E-10 1.22E-09 8.76E-10 1.85E-11 -7.16E-12 
26.51822 1.66E-10 1.23E-09 8.75E-10 1.76E-11 -6.77E-12 
26.56743 1.73E-10 1.22E-09 8.61E-10 2.02E-11 -7.41E-12 
26.61667 1.66E-10 1.23E-09 8.70E-10 2.26E-11 -9.57E-12 
26.66743 1.63E-10 1.23E-09 8.72E-10 1.82E-11 -1.05E-11 
26.71743 1.58E-10 1.22E-09 8.78E-10 1.60E-11 -9.86E-12 
26.76692 1.59E-10 1.22E-09 8.65E-10 1.41E-11 -9.89E-12 
26.83307 1.42E-10 1.23E-09 8.61E-10 1.33E-11 -1.08E-11 
26.88072 1.44E-10 1.22E-09 8.51E-10 1.04E-11 -1.01E-11 
26.93307 1.51E-10 1.23E-09 8.57E-10 9.74E-12 -1.04E-11 
26.98358 1.59E-10 1.22E-09 8.39E-10 1.26E-11 -1.02E-11 
27.03358 1.59E-10 1.20E-09 8.41E-10 1.47E-11 -9.84E-12 
27.08437 1.60E-10 1.20E-09 8.44E-10 1.31E-11 -8.86E-12 
27.13333 1.64E-10 1.20E-09 8.63E-10 1.42E-11 -9.54E-12 
27.18385 1.60E-10 1.21E-09 8.92E-10 1.68E-11 -9.24E-12 
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27.23358 1.63E-10 1.21E-09 9.07E-10 1.66E-11 -9.38E-12 
27.28437 1.71E-10 1.23E-09 9.35E-10 1.33E-11 -9.26E-12 
27.33385 1.68E-10 1.23E-09 9.31E-10 1.43E-11 -9.87E-12 
27.38307 1.71E-10 1.22E-09 9.35E-10 1.37E-11 -1.02E-11 
27.43385 1.68E-10 1.22E-09 9.01E-10 1.26E-11 -9.04E-12 
27.48358 1.61E-10 1.24E-09 8.94E-10 1.28E-11 -9.17E-12 
27.5341 1.50E-10 1.22E-09 8.44E-10 1.61E-11 -9.79E-12 
27.58358 1.65E-10 1.21E-09 8.52E-10 1.63E-11 -9.20E-12 
27.63307 1.60E-10 1.22E-09 8.31E-10 1.70E-11 -8.77E-12 
27.68307 1.67E-10 1.22E-09 8.31E-10 1.85E-11 -8.16E-12 
27.73307 1.66E-10 1.22E-09 8.14E-10 1.96E-11 -7.86E-12 
27.78307 1.66E-10 1.22E-09 8.54E-10 2.11E-11 -6.52E-12 
27.83358 1.56E-10 1.23E-09 8.58E-10 1.74E-11 -5.66E-12 
27.88385 1.65E-10 1.22E-09 8.52E-10 1.91E-11 -5.69E-12 
27.93307 1.68E-10 1.22E-09 8.58E-10 1.72E-11 -6.75E-12 
27.98307 1.70E-10 1.23E-09 8.95E-10 1.53E-11 -6.25E-12 
28.0341 1.73E-10 1.23E-09 8.60E-10 1.29E-11 -6.17E-12 
28.08358 1.79E-10 1.22E-09 8.77E-10 1.53E-11 -6.96E-12 
28.1341 1.66E-10 1.23E-09 9.18E-10 1.46E-11 -6.72E-12 
28.18307 1.57E-10 1.23E-09 8.88E-10 1.55E-11 -8.04E-12 
28.23358 1.55E-10 1.23E-09 8.78E-10 1.55E-11 -9.03E-12 
28.28333 1.52E-10 1.23E-09 9.11E-10 1.36E-11 -9.21E-12 
28.33385 1.51E-10 1.23E-09 8.93E-10 1.20E-11 -9.55E-12 
28.38358 1.60E-10 1.23E-09 8.45E-10 1.19E-11 -9.94E-12 
28.43358 1.54E-10 1.22E-09 8.47E-10 9.22E-12 -8.91E-12 
28.48358 1.50E-10 1.23E-09 8.29E-10 8.70E-12 -7.96E-12 
28.53307 1.52E-10 1.23E-09 8.08E-10 1.05E-11 -9.03E-12 
28.58385 1.45E-10 1.23E-09 7.67E-10 1.16E-11 -6.30E-12 
28.63307 1.43E-10 1.23E-09 7.75E-10 1.34E-11 -6.18E-12 
28.68437 1.46E-10 1.24E-09 7.90E-10 1.70E-11 -6.45E-12 
28.73358 1.51E-10 1.24E-09 7.90E-10 1.83E-11 -7.55E-12 
28.78358 1.47E-10 1.21E-09 7.90E-10 1.64E-11 -6.38E-12 
28.83358 1.53E-10 1.22E-09 8.36E-10 1.71E-11 -7.82E-12 
28.8841 1.52E-10 1.22E-09 8.26E-10 1.22E-11 -7.77E-12 
28.93307 1.52E-10 1.21E-09 8.30E-10 8.50E-12 -6.86E-12 
28.98358 1.52E-10 1.20E-09 8.36E-10 6.66E-12 -5.93E-12 
29.03385 1.61E-10 1.21E-09 8.44E-10 1.04E-11 -6.29E-12 
29.08333 1.54E-10 1.21E-09 8.31E-10 1.05E-11 -6.54E-12 
29.13307 1.60E-10 1.20E-09 8.51E-10 1.57E-11 -7.47E-12 
29.18358 1.74E-10 1.21E-09 8.56E-10 2.04E-11 -8.20E-12 
29.23333 1.70E-10 1.21E-09 8.53E-10 1.97E-11 -6.29E-12 
29.28358 1.64E-10 1.21E-09 8.53E-10 1.71E-11 -6.33E-12 
29.33333 1.72E-10 1.22E-09 8.41E-10 1.66E-11 -6.54E-12 
29.38358 1.59E-10 1.22E-09 8.57E-10 1.49E-11 -5.13E-12 
29.43358 1.56E-10 1.23E-09 8.50E-10 1.03E-11 -6.00E-12 
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29.48358 1.55E-10 1.24E-09 8.43E-10 1.21E-11 -8.41E-12 
29.53333 1.56E-10 1.24E-09 8.43E-10 1.49E-11 -7.38E-12 
29.58333 1.51E-10 1.23E-09 8.67E-10 1.80E-11 -6.54E-12 
29.63307 1.54E-10 1.23E-09 8.48E-10 2.04E-11 -7.33E-12 
29.6841 1.50E-10 1.23E-09 8.31E-10 2.12E-11 -6.94E-12 
29.73358 1.53E-10 1.22E-09 8.44E-10 2.27E-11 -7.32E-12 
29.78385 1.57E-10 1.23E-09 8.28E-10 2.01E-11 -7.60E-12 
29.83307 1.52E-10 1.23E-09 8.13E-10 1.66E-11 -9.32E-12 
29.88385 1.48E-10 1.24E-09 8.08E-10 1.30E-11 -8.35E-12 
29.93333 1.46E-10 1.24E-09 7.99E-10 1.21E-11 -8.08E-12 
29.9841 1.49E-10 1.24E-09 7.97E-10 1.11E-11 -7.15E-12 
30.0341 1.41E-10 1.23E-09 8.11E-10 1.12E-11 -9.26E-12 
30.08333 1.42E-10 1.24E-09 8.25E-10 1.36E-11 -8.98E-12 
30.13358 1.49E-10 1.23E-09 8.02E-10 1.45E-11 -9.98E-12 
30.18307 1.45E-10 1.23E-09 8.12E-10 1.38E-11 -8.56E-12 
30.23358 1.44E-10 1.23E-09 7.81E-10 1.53E-11 -8.69E-12 
30.28307 1.47E-10 1.23E-09 7.70E-10 1.77E-11 -7.62E-12 
30.33307 1.46E-10 1.23E-09 7.46E-10 1.29E-11 -7.78E-12 
30.38333 1.45E-10 1.23E-09 7.68E-10 1.36E-11 -8.04E-12 
30.43358 1.48E-10 1.24E-09 7.69E-10 1.73E-11 -8.71E-12 
30.48385 1.44E-10 1.25E-09 7.92E-10 1.39E-11 -8.79E-12 
30.53358 1.44E-10 1.26E-09 8.18E-10 1.11E-11 -8.29E-12 
30.58437 1.50E-10 1.26E-09 8.09E-10 1.43E-11 -8.99E-12 
30.63307 1.45E-10 1.25E-09 7.98E-10 1.22E-11 -7.42E-12 
30.6841 1.49E-10 1.25E-09 8.02E-10 8.95E-12 -8.58E-12 
30.73307 1.56E-10 1.24E-09 7.95E-10 8.83E-12 -8.65E-12 
30.78358 1.54E-10 1.24E-09 7.54E-10 9.51E-12 -8.14E-12 
30.83358 1.56E-10 1.24E-09 7.50E-10 1.16E-11 -6.86E-12 
30.88307 1.57E-10 1.24E-09 7.46E-10 1.05E-11 -7.00E-12 
30.93333 1.53E-10 1.25E-09 7.27E-10 1.09E-11 -7.07E-12 
30.98358 1.53E-10 1.24E-09 7.41E-10 1.49E-11 -6.84E-12 
31.0328 1.46E-10 1.25E-09 7.47E-10 1.43E-11 -5.28E-12 
31.08437 1.43E-10 1.25E-09 7.66E-10 1.28E-11 -5.10E-12 
31.13307 1.43E-10 1.26E-09 7.95E-10 1.35E-11 -5.13E-12 
31.18358 1.46E-10 1.26E-09 8.16E-10 1.49E-11 -4.24E-12 
31.23385 1.45E-10 1.25E-09 7.82E-10 1.29E-11 -4.41E-12 
31.28333 1.52E-10 1.24E-09 7.80E-10 1.18E-11 -6.18E-12 
31.33385 1.52E-10 1.22E-09 7.74E-10 9.95E-12 -7.06E-12 
31.3841 1.53E-10 1.22E-09 7.62E-10 1.09E-11 -7.26E-12 
31.43333 1.46E-10 1.22E-09 7.69E-10 8.89E-12 -6.83E-12 
31.48385 1.42E-10 1.23E-09 7.89E-10 1.02E-11 -7.62E-12 
31.53385 1.50E-10 1.25E-09 8.04E-10 1.00E-11 -8.53E-12 
31.58358 1.49E-10 1.26E-09 7.90E-10 9.54E-12 -7.72E-12 
31.63333 1.56E-10 1.26E-09 7.71E-10 1.04E-11 -8.14E-12 
31.68333 1.65E-10 1.25E-09 7.55E-10 1.26E-11 -8.60E-12 
290 
 
31.7328 1.65E-10 1.26E-09 7.70E-10 1.06E-11 -7.54E-12 
31.78358 1.58E-10 1.24E-09 7.78E-10 1.43E-11 -7.19E-12 
31.83385 1.53E-10 1.24E-09 8.03E-10 1.44E-11 -6.53E-12 
31.88333 1.48E-10 1.24E-09 8.23E-10 1.45E-11 -6.78E-12 
31.93385 1.41E-10 1.24E-09 8.38E-10 1.33E-11 -6.66E-12 
31.98385 1.39E-10 1.24E-09 8.35E-10 1.36E-11 -6.65E-12 
32.03333 1.40E-10 1.25E-09 8.27E-10 1.20E-11 -6.63E-12 
32.08358 1.46E-10 1.24E-09 8.07E-10 1.44E-11 -8.99E-12 
32.13333 1.46E-10 1.26E-09 8.23E-10 1.44E-11 -9.27E-12 
32.1841 1.42E-10 1.27E-09 8.18E-10 1.43E-11 -1.01E-11 
32.23333 1.49E-10 1.27E-09 8.23E-10 1.39E-11 -1.08E-11 
32.28358 1.50E-10 1.27E-09 8.15E-10 1.16E-11 -9.73E-12 
32.33385 1.47E-10 1.27E-09 8.16E-10 7.89E-12 -8.84E-12 
32.38358 1.50E-10 1.25E-09 7.97E-10 5.31E-12 -8.07E-12 
32.4328 1.51E-10 1.25E-09 7.88E-10 5.73E-12 -7.36E-12 
32.4841 1.42E-10 1.24E-09 7.74E-10 5.25E-12 -6.91E-12 
32.53333 1.45E-10 1.25E-09 7.56E-10 1.05E-11 -7.27E-12 
32.58333 1.51E-10 1.25E-09 7.65E-10 1.28E-11 -7.46E-12 
32.63358 1.52E-10 1.27E-09 7.61E-10 1.40E-11 -7.57E-12 
32.68385 1.56E-10 1.26E-09 7.62E-10 1.25E-11 -6.75E-12 
32.73333 1.58E-10 1.27E-09 7.94E-10 9.23E-12 -7.53E-12 
32.78307 1.57E-10 1.27E-09 8.43E-10 3.80E-12 -8.27E-12 
32.83333 1.53E-10 1.27E-09 8.19E-10 5.45E-12 -7.20E-12 
32.8841 1.48E-10 1.26E-09 8.07E-10 5.26E-12 -7.38E-12 
32.93307 1.48E-10 1.26E-09 8.13E-10 9.47E-12 -7.48E-12 
32.98358 1.41E-10 1.27E-09 8.02E-10 1.09E-11 -6.79E-12 
33.0341 1.43E-10 1.28E-09 8.04E-10 1.27E-11 -6.20E-12 
33.0841 1.44E-10 1.28E-09 8.11E-10 1.16E-11 -6.76E-12 
33.13307 1.41E-10 1.29E-09 8.05E-10 1.03E-11 -7.50E-12 
33.18307 1.43E-10 1.27E-09 7.71E-10 8.56E-12 -7.93E-12 
33.23463 1.56E-10 1.26E-09 7.40E-10 1.12E-11 -7.00E-12 
33.28358 1.61E-10 1.26E-09 6.97E-10 1.13E-11 -7.62E-12 
33.33358 1.58E-10 1.25E-09 6.99E-10 1.07E-11 -8.90E-12 
33.38358 1.62E-10 1.24E-09 7.05E-10 1.41E-11 -7.18E-12 
33.43307 1.61E-10 1.25E-09 7.21E-10 1.22E-11 -8.34E-12 
33.4841 1.57E-10 1.27E-09 7.45E-10 1.29E-11 -9.70E-12 
33.53307 1.51E-10 1.27E-09 7.50E-10 1.16E-11 -8.83E-12 
33.58333 1.48E-10 1.28E-09 7.50E-10 1.09E-11 -6.78E-12 
33.6328 1.47E-10 1.28E-09 7.48E-10 9.99E-12 -7.05E-12 
33.68437 1.49E-10 1.29E-09 7.40E-10 1.03E-11 -6.46E-12 
33.73358 1.42E-10 1.28E-09 7.27E-10 8.12E-12 -6.06E-12 
33.78358 1.38E-10 1.27E-09 7.41E-10 9.53E-12 -6.06E-12 
33.83333 1.39E-10 1.28E-09 7.37E-10 1.23E-11 -7.05E-12 
33.88385 1.46E-10 1.28E-09 7.61E-10 1.21E-11 -7.45E-12 
33.93463 1.45E-10 1.27E-09 7.58E-10 1.30E-11 -4.83E-12 
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33.98307 1.46E-10 1.28E-09 7.58E-10 1.35E-11 -5.38E-12 
34.03307 1.47E-10 1.30E-09 7.32E-10 1.45E-11 -5.92E-12 
34.08385 1.54E-10 1.30E-09 7.61E-10 1.24E-11 -6.02E-12 
34.13358 1.51E-10 1.30E-09 7.37E-10 1.13E-11 -7.30E-12 
34.18307 1.57E-10 1.28E-09 7.42E-10 1.08E-11 -9.58E-12 
34.23307 1.64E-10 1.27E-09 7.46E-10 1.13E-11 -8.41E-12 
34.28333 1.65E-10 1.27E-09 7.70E-10 1.11E-11 -8.36E-12 
34.33333 1.61E-10 1.26E-09 7.34E-10 8.58E-12 -7.61E-12 
34.38358 1.59E-10 1.26E-09 7.31E-10 9.94E-12 -7.07E-12 
34.43307 1.51E-10 1.27E-09 7.33E-10 8.57E-12 -6.62E-12 
34.48307 1.45E-10 1.27E-09 7.08E-10 8.67E-12 -7.07E-12 
34.53358 1.49E-10 1.27E-09 6.83E-10 6.78E-12 -6.45E-12 
34.58358 1.44E-10 1.30E-09 6.88E-10 8.61E-12 -6.20E-12 
34.63358 1.42E-10 1.30E-09 6.82E-10 7.95E-12 -5.64E-12 
34.68307 1.40E-10 1.30E-09 6.77E-10 8.75E-12 -5.89E-12 
34.73307 1.44E-10 1.29E-09 6.90E-10 7.85E-12 -5.01E-12 
34.78358 1.44E-10 1.29E-09 6.99E-10 1.03E-11 -5.62E-12 
34.83307 1.47E-10 1.27E-09 7.13E-10 1.16E-11 -5.66E-12 
34.88333 1.48E-10 1.26E-09 7.13E-10 1.15E-11 -5.67E-12 
34.9328 1.61E-10 1.27E-09 7.00E-10 1.32E-11 -6.06E-12 
34.98385 1.60E-10 1.26E-09 6.96E-10 1.54E-11 -7.20E-12 
35.03307 1.60E-10 1.27E-09 6.81E-10 1.32E-11 -7.29E-12 
35.08437 1.55E-10 1.28E-09 6.59E-10 9.92E-12 -7.65E-12 
35.13488 1.55E-10 1.29E-09 6.78E-10 1.03E-11 -7.43E-12 
35.18307 1.44E-10 1.28E-09 7.01E-10 8.36E-12 -6.22E-12 
35.23358 1.41E-10 1.30E-09 6.77E-10 8.82E-12 -6.28E-12 
35.28358 1.40E-10 1.30E-09 6.96E-10 7.15E-12 -5.62E-12 
35.33385 1.40E-10 1.30E-09 7.06E-10 1.05E-11 -6.34E-12 
35.38333 1.43E-10 1.29E-09 7.06E-10 1.19E-11 -6.85E-12 
35.43255 1.42E-10 1.30E-09 6.96E-10 1.28E-11 -6.20E-12 
35.48333 1.39E-10 1.30E-09 7.13E-10 1.10E-11 -5.22E-12 
35.53358 1.35E-10 1.29E-09 7.17E-10 1.04E-11 -5.15E-12 
35.58307 1.46E-10 1.29E-09 7.19E-10 9.66E-12 -4.82E-12 
35.63385 1.38E-10 1.30E-09 7.23E-10 9.96E-12 -4.26E-12 
35.68385 1.42E-10 1.29E-09 7.44E-10 9.08E-12 -4.32E-12 
35.73358 1.47E-10 1.28E-09 7.08E-10 9.94E-12 -3.24E-12 
35.78358 1.55E-10 1.28E-09 7.10E-10 1.18E-11 -2.94E-12 
35.83333 1.49E-10 1.28E-09 7.21E-10 1.33E-11 -3.04E-12 
35.88333 1.64E-10 1.28E-09 7.03E-10 1.05E-11 -2.80E-12 
35.9341 1.60E-10 1.29E-09 7.01E-10 1.38E-11 -4.41E-12 
35.98358 1.57E-10 1.29E-09 7.26E-10 1.19E-11 -4.97E-12 
36.03385 1.48E-10 1.31E-09 6.93E-10 1.15E-11 -5.57E-12 
36.08358 1.48E-10 1.31E-09 6.73E-10 8.97E-12 -4.59E-12 
36.13358 1.43E-10 1.30E-09 6.71E-10 1.22E-11 -4.03E-12 
36.18333 1.43E-10 1.29E-09 6.37E-10 7.88E-12 -3.14E-12 
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36.23333 1.39E-10 1.29E-09 6.26E-10 9.32E-12 -3.68E-12 
36.28385 1.38E-10 1.29E-09 6.17E-10 1.20E-11 -3.09E-12 
36.33385 1.36E-10 1.28E-09 6.10E-10 9.48E-12 -3.30E-12 
36.38437 1.34E-10 1.29E-09 6.03E-10 7.76E-12 -3.83E-12 
36.43358 1.42E-10 1.28E-09 6.37E-10 9.41E-12 -4.62E-12 
36.48385 1.51E-10 1.27E-09 6.79E-10 7.83E-12 -4.09E-12 
36.53333 1.49E-10 1.27E-09 7.15E-10 5.57E-12 -5.38E-12 
36.58385 1.47E-10 1.27E-09 7.38E-10 1.04E-11 -4.87E-12 
36.63437 1.49E-10 1.28E-09 7.33E-10 1.19E-11 -6.22E-12 
36.68358 1.49E-10 1.28E-09 7.30E-10 1.36E-11 -6.01E-12 
36.73333 1.43E-10 1.29E-09 7.04E-10 1.58E-11 -6.66E-12 
36.78358 1.48E-10 1.29E-09 7.10E-10 1.56E-11 -5.57E-12 
36.83307 1.48E-10 1.30E-09 6.80E-10 1.36E-11 -5.16E-12 
36.88358 1.41E-10 1.31E-09 7.12E-10 1.23E-11 -4.05E-12 
36.93385 1.39E-10 1.32E-09 6.92E-10 1.28E-11 -3.40E-12 
36.98358 1.42E-10 1.33E-09 6.99E-10 1.10E-11 -2.25E-12 
37.03437 1.39E-10 1.34E-09 6.60E-10 1.33E-11 -2.68E-12 
37.0841 1.47E-10 1.33E-09 6.61E-10 1.16E-11 -2.70E-12 
37.1341 1.47E-10 1.32E-09 6.48E-10 1.18E-11 -1.64E-12 
37.18385 1.44E-10 1.33E-09 6.50E-10 9.86E-12 -7.83E-13 
37.23385 1.43E-10 1.32E-09 6.23E-10 9.00E-12 -1.01E-12 
37.2841 1.46E-10 1.32E-09 6.32E-10 5.56E-12 -1.30E-12 
37.33333 1.39E-10 1.30E-09 6.32E-10 8.93E-12 -2.76E-12 
37.38358 1.33E-10 1.31E-09 6.16E-10 7.29E-12 -2.82E-12 
37.4328 1.36E-10 1.30E-09 5.91E-10 5.76E-12 -4.00E-12 
37.48333 1.33E-10 1.31E-09 6.12E-10 6.50E-12 -5.49E-12 
37.5341 1.35E-10 1.31E-09 6.15E-10 7.59E-12 -2.81E-12 
37.58358 1.36E-10 1.31E-09 6.25E-10 7.45E-12 -1.25E-12 
37.63333 1.40E-10 1.30E-09 6.56E-10 1.10E-11 -3.51E-12 
37.68333 1.35E-10 1.29E-09 6.74E-10 1.48E-11 -4.53E-12 
37.73333 1.46E-10 1.28E-09 6.53E-10 1.57E-11 -2.76E-12 
37.78385 1.45E-10 1.28E-09 6.55E-10 1.59E-11 -4.64E-12 
37.83333 1.43E-10 1.29E-09 6.74E-10 1.36E-11 -4.82E-12 
37.88385 1.51E-10 1.29E-09 6.54E-10 1.07E-11 -2.58E-12 
37.93358 1.51E-10 1.30E-09 6.48E-10 1.18E-11 -1.48E-12 
37.98358 1.42E-10 1.31E-09 6.44E-10 1.26E-11 -3.29E-12 
38.03437 1.40E-10 1.31E-09 6.39E-10 1.53E-11 -3.89E-12 
38.08333 1.45E-10 1.31E-09 6.31E-10 1.96E-11 -4.65E-12 
38.13385 1.40E-10 1.31E-09 6.10E-10 2.03E-11 -4.90E-12 
38.18333 1.42E-10 1.31E-09 6.30E-10 1.49E-11 -4.78E-12 
38.23333 1.40E-10 1.30E-09 6.41E-10 1.27E-11 -4.04E-12 
38.28358 1.39E-10 1.29E-09 6.45E-10 1.16E-11 -4.90E-12 
38.33333 1.42E-10 1.29E-09 6.29E-10 6.75E-12 -5.93E-12 
38.3828 1.38E-10 1.28E-09 6.43E-10 4.42E-12 -7.36E-12 
38.43358 1.40E-10 1.29E-09 6.46E-10 9.57E-12 -6.56E-12 
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38.48333 1.41E-10 1.29E-09 6.36E-10 1.10E-11 -5.51E-12 
38.53358 1.38E-10 1.30E-09 6.48E-10 8.60E-12 -5.36E-12 
38.58307 1.33E-10 1.31E-09 6.76E-10 8.56E-12 -2.06E-12 
38.63385 1.33E-10 1.32E-09 6.74E-10 9.96E-12 -9.63E-13 
38.68333 1.26E-10 1.32E-09 6.75E-10 7.41E-12 -2.59E-12 
38.7341 1.27E-10 1.32E-09 7.00E-10 9.26E-12 -3.47E-12 
38.78385 1.35E-10 1.30E-09 6.91E-10 1.07E-11 -3.00E-12 
38.8341 1.29E-10 1.31E-09 6.65E-10 1.21E-11 -5.38E-12 
38.8841 1.30E-10 1.31E-09 6.61E-10 1.05E-11 -5.19E-12 
38.93333 1.31E-10 1.31E-09 6.72E-10 9.00E-12 -4.04E-12 
38.98333 1.35E-10 1.33E-09 6.53E-10 9.52E-12 -3.93E-12 
39.0341 1.34E-10 1.32E-09 6.41E-10 1.02E-11 -3.44E-12 
39.0841 1.41E-10 1.31E-09 6.31E-10 1.03E-11 -3.20E-12 
39.13307 1.41E-10 1.30E-09 6.54E-10 1.20E-11 -2.53E-12 
39.18307 1.41E-10 1.30E-09 6.25E-10 1.30E-11 -3.10E-12 
39.23358 1.36E-10 1.30E-09 6.20E-10 8.29E-12 -1.51E-12 
39.28358 1.31E-10 1.31E-09 6.30E-10 7.79E-12 -1.45E-12 
39.33307 1.24E-10 1.30E-09 6.47E-10 6.92E-12 -2.34E-12 
39.38358 1.18E-10 1.31E-09 6.38E-10 5.30E-12 -3.49E-12 
39.43333 1.21E-10 1.31E-09 6.23E-10 5.27E-12 -2.03E-12 
39.48437 1.21E-10 1.30E-09 6.40E-10 7.82E-12 -5.04E-12 
39.53385 1.20E-10 1.30E-09 6.55E-10 6.51E-12 -4.46E-12 
39.58307 1.21E-10 1.30E-09 6.59E-10 7.42E-12 -4.22E-12 
39.63307 1.29E-10 1.31E-09 6.51E-10 1.10E-11 -3.54E-12 
39.68437 1.33E-10 1.30E-09 6.63E-10 1.20E-11 -5.65E-12 
39.73437 1.39E-10 1.31E-09 6.56E-10 1.39E-11 -4.62E-12 
39.78358 1.45E-10 1.31E-09 6.22E-10 1.42E-11 -4.78E-12 
39.83333 1.50E-10 1.30E-09 6.12E-10 1.26E-11 -2.75E-12 
39.88333 1.55E-10 1.30E-09 6.07E-10 1.15E-11 -3.75E-12 
39.93307 1.49E-10 1.30E-09 6.03E-10 8.35E-12 -3.02E-12 
39.98385 1.42E-10 1.30E-09 6.05E-10 5.66E-12 -5.19E-13 
40.03333 1.35E-10 1.31E-09 6.15E-10 4.81E-12 -8.82E-13 
40.08358 1.28E-10 1.32E-09 6.18E-10 7.13E-12 -2.04E-12 
40.13307 1.22E-10 1.32E-09 6.11E-10 6.34E-12 6.12E-13 
40.18385 1.20E-10 1.32E-09 6.31E-10 8.19E-12 1.18E-12 
40.2341 1.21E-10 1.33E-09 6.31E-10 8.63E-12 -7.80E-13 
40.2841 1.23E-10 1.34E-09 6.41E-10 8.87E-12 1.60E-13 
40.33385 1.29E-10 1.34E-09 6.42E-10 8.88E-12 2.31E-13 
40.38385 1.32E-10 1.35E-09 6.36E-10 9.69E-12 -1.47E-12 
40.43385 1.34E-10 1.34E-09 6.32E-10 9.61E-12 -4.08E-13 
40.48385 1.33E-10 1.34E-09 6.27E-10 9.52E-12 9.17E-13 
40.53307 1.43E-10 1.33E-09 6.28E-10 1.11E-11 1.54E-12 
40.58385 1.39E-10 1.34E-09 6.17E-10 1.02E-11 1.89E-12 
40.6341 1.42E-10 1.33E-09 6.35E-10 1.13E-11 1.97E-12 
40.68358 1.45E-10 1.33E-09 6.33E-10 1.38E-11 1.82E-12 
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40.73333 1.49E-10 1.32E-09 6.35E-10 1.57E-11 1.78E-12 
40.78307 1.41E-10 1.33E-09 6.20E-10 1.37E-11 -2.65E-14 
40.83333 1.45E-10 1.32E-09 6.37E-10 1.24E-11 1.39E-12 
40.88358 1.38E-10 1.31E-09 6.37E-10 1.23E-11 3.07E-12 
40.93307 1.43E-10 1.31E-09 6.45E-10 1.25E-11 3.17E-12 
40.98385 1.45E-10 1.31E-09 6.40E-10 1.06E-11 1.91E-12 
41.03437 1.36E-10 1.32E-09 7.28E-10 1.68E-11 2.90E-12 
41.08437 1.41E-10 1.32E-09 7.12E-10 2.00E-11 8.69E-13 
41.13333 1.40E-10 1.32E-09 6.96E-10 1.86E-11 1.71E-13 
41.18333 1.41E-10 1.32E-09 6.94E-10 1.59E-11 1.54E-12 
41.23333 1.34E-10 1.32E-09 7.02E-10 1.44E-11 2.11E-12 
41.28385 1.45E-10 1.31E-09 6.04E-10 1.03E-11 1.54E-12 
41.33333 1.36E-10 1.30E-09 5.96E-10 1.03E-11 2.48E-12 
41.38358 1.38E-10 1.31E-09 6.13E-10 9.02E-12 1.77E-12 
41.43385 1.34E-10 1.31E-09 6.11E-10 8.80E-12 5.19E-13 
41.48358 1.40E-10 1.32E-09 6.24E-10 1.34E-11 -3.47E-13 
41.53463 1.38E-10 1.32E-09 6.12E-10 1.19E-11 8.57E-13 
41.58307 1.41E-10 1.33E-09 6.51E-10 1.04E-11 1.29E-12 
41.63437 1.42E-10 1.33E-09 6.48E-10 1.45E-11 1.44E-12 
41.68358 1.43E-10 1.33E-09 6.19E-10 1.56E-11 1.50E-12 
41.73385 1.38E-10 1.34E-09 5.97E-10 1.26E-11 2.93E-12 
41.78463 1.39E-10 1.34E-09 6.49E-10 1.29E-11 2.54E-12 
41.83385 1.38E-10 1.34E-09 6.30E-10 1.07E-11 3.43E-12 
41.88385 1.36E-10 1.33E-09 6.18E-10 6.72E-12 5.33E-12 
41.93515 1.31E-10 1.33E-09 6.24E-10 5.66E-12 5.08E-12 
41.98488 1.42E-10 1.32E-09 6.41E-10 8.11E-12 4.13E-12 
42.03567 1.48E-10 1.31E-09 6.07E-10 6.61E-12 5.90E-12 
42.08463 1.45E-10 1.33E-09 5.82E-10 9.66E-12 4.45E-12 
42.13333 1.41E-10 1.34E-09 5.93E-10 1.10E-11 3.30E-12 
42.18333 1.45E-10 1.34E-09 5.98E-10 9.39E-12 4.85E-12 
42.23358 1.36E-10 1.36E-09 5.80E-10 6.74E-12 5.63E-12 
42.28463 1.27E-10 1.36E-09 5.76E-10 8.21E-12 3.63E-12 
42.33333 1.26E-10 1.34E-09 5.84E-10 7.02E-12 4.66E-12 
42.3828 1.35E-10 1.33E-09 5.74E-10 4.22E-12 5.99E-12 
42.43488 1.31E-10 1.32E-09 5.78E-10 5.57E-12 3.84E-12 
42.48463 1.28E-10 1.31E-09 5.82E-10 5.72E-12 4.41E-12 
42.53358 1.28E-10 1.33E-09 5.87E-10 4.67E-12 7.64E-12 
42.58333 1.30E-10 1.34E-09 6.02E-10 3.10E-12 9.05E-12 
42.63385 1.27E-10 1.33E-09 6.37E-10 7.09E-12 9.06E-12 
42.68515 1.36E-10 1.34E-09 6.48E-10 5.38E-12 9.67E-12 
42.73333 1.39E-10 1.35E-09 6.33E-10 4.44E-12 7.95E-12 
42.78333 1.46E-10 1.35E-09 6.44E-10 6.30E-12 5.92E-12 
42.83437 1.45E-10 1.35E-09 6.25E-10 5.76E-12 5.23E-12 
42.88358 1.42E-10 1.36E-09 6.01E-10 5.48E-12 4.82E-12 
42.9341 1.35E-10 1.36E-09 5.67E-10 1.11E-11 5.07E-12 
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42.98463 1.33E-10 1.35E-09 6.02E-10 1.09E-11 5.83E-12 
43.03385 1.24E-10 1.34E-09 5.96E-10 1.03E-11 5.26E-12 
43.08333 1.25E-10 1.33E-09 6.08E-10 1.15E-11 4.21E-12 
43.13333 1.19E-10 1.31E-09 6.16E-10 1.04E-11 2.56E-12 
43.18333 1.21E-10 1.30E-09 6.48E-10 7.19E-12 2.37E-12 
43.23358 1.25E-10 1.30E-09 6.24E-10 6.98E-12 4.10E-12 
43.28307 1.29E-10 1.31E-09 6.21E-10 5.70E-12 4.85E-12 
43.33358 1.30E-10 1.30E-09 5.95E-10 8.45E-12 4.74E-12 
43.38358 1.37E-10 1.31E-09 5.66E-10 7.45E-12 6.34E-12 
43.43333 1.38E-10 1.31E-09 5.65E-10 7.48E-12 9.43E-12 
43.48385 1.35E-10 1.31E-09 5.60E-10 8.40E-12 8.07E-12 
43.5328 1.32E-10 1.31E-09 5.73E-10 1.46E-11 8.61E-12 
43.58385 1.32E-10 1.31E-09 6.11E-10 1.34E-11 8.50E-12 
43.63385 1.31E-10 1.33E-09 6.07E-10 1.39E-11 8.16E-12 
43.68333 1.22E-10 1.34E-09 5.97E-10 1.58E-11 5.50E-12 
43.73385 1.26E-10 1.35E-09 5.93E-10 1.98E-11 6.22E-12 
43.78358 1.25E-10 1.35E-09 5.67E-10 1.78E-11 4.85E-12 
43.83358 1.34E-10 1.35E-09 5.51E-10 2.16E-11 4.50E-12 
43.88463 1.34E-10 1.35E-09 5.69E-10 2.22E-11 5.98E-12 
43.93358 1.40E-10 1.35E-09 5.75E-10 1.78E-11 6.64E-12 
43.9841 1.35E-10 1.35E-09 6.01E-10 1.49E-11 7.28E-12 
44.03333 1.41E-10 1.35E-09 6.15E-10 1.20E-11 1.04E-11 
44.08385 1.34E-10 1.35E-09 6.24E-10 9.45E-12 1.18E-11 
44.13333 1.26E-10 1.35E-09 6.22E-10 6.24E-12 1.15E-11 
44.18333 1.24E-10 1.35E-09 6.15E-10 9.35E-12 1.08E-11 
44.23385 1.26E-10 1.35E-09 6.08E-10 8.31E-12 9.50E-12 
44.28358 1.23E-10 1.34E-09 6.11E-10 9.09E-12 8.43E-12 
44.33358 1.20E-10 1.36E-09 6.00E-10 7.71E-12 6.97E-12 
44.38385 1.29E-10 1.36E-09 6.03E-10 9.83E-12 6.98E-12 
44.4341 1.27E-10 1.36E-09 6.16E-10 6.98E-12 7.12E-12 
44.48333 1.30E-10 1.36E-09 6.09E-10 8.77E-12 8.28E-12 
44.53358 1.26E-10 1.35E-09 6.08E-10 9.56E-12 8.80E-12 
44.58385 1.23E-10 1.34E-09 6.08E-10 9.19E-12 1.07E-11 
44.6341 1.22E-10 1.35E-09 5.89E-10 8.33E-12 1.19E-11 
44.68437 1.29E-10 1.36E-09 5.80E-10 1.16E-11 1.35E-11 
44.73333 1.24E-10 1.36E-09 5.91E-10 8.80E-12 1.45E-11 
44.78385 1.28E-10 1.35E-09 5.74E-10 6.65E-12 1.41E-11 
44.83333 1.29E-10 1.35E-09 5.63E-10 7.69E-12 1.42E-11 
44.88437 1.24E-10 1.35E-09 5.60E-10 7.10E-12 1.50E-11 
44.93437 1.20E-10 1.35E-09 5.53E-10 6.78E-12 1.60E-11 
44.98333 1.22E-10 1.34E-09 5.48E-10 6.65E-12 1.57E-11 
45.03333 1.24E-10 1.35E-09 5.62E-10 7.51E-12 1.53E-11 
45.08385 1.29E-10 1.35E-09 5.62E-10 4.72E-12 1.57E-11 
45.13437 1.27E-10 1.35E-09 5.90E-10 9.52E-12 1.42E-11 
45.18488 1.28E-10 1.35E-09 5.79E-10 7.82E-12 1.35E-11 
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45.23385 1.31E-10 1.34E-09 5.62E-10 8.85E-12 1.52E-11 
45.2841 1.29E-10 1.33E-09 5.60E-10 9.46E-12 1.98E-11 
45.33307 1.34E-10 1.33E-09 5.94E-10 1.37E-11 1.86E-11 
45.38385 1.46E-10 1.33E-09 5.65E-10 6.73E-12 2.27E-11 
45.43463 1.51E-10 1.33E-09 6.00E-10 6.01E-12 2.46E-11 
45.48385 1.45E-10 1.34E-09 6.06E-10 4.43E-12 2.61E-11 
45.5341 1.41E-10 1.36E-09 6.05E-10 3.95E-12 2.27E-11 
45.58358 1.37E-10 1.36E-09 5.68E-10 -5.02E-13 2.52E-11 
45.6341 1.32E-10 1.36E-09 5.88E-10 4.77E-12 2.23E-11 
45.68333 1.28E-10 1.38E-09 5.71E-10 6.56E-12 2.24E-11 
45.7341 1.34E-10 1.37E-09 5.96E-10 8.99E-12 2.05E-11 
45.78437 1.36E-10 1.36E-09 6.05E-10 6.34E-12 2.38E-11 
45.8341 1.32E-10 1.36E-09 6.12E-10 7.02E-12 2.52E-11 
45.8841 1.25E-10 1.36E-09 6.04E-10 6.85E-12 2.60E-11 
45.93358 1.23E-10 1.35E-09 5.97E-10 5.37E-12 2.53E-11 
45.98358 1.18E-10 1.34E-09 5.77E-10 6.78E-12 2.57E-11 
46.03385 1.19E-10 1.34E-09 5.52E-10 7.52E-12 2.34E-11 
46.08385 1.26E-10 1.34E-09 5.43E-10 7.62E-12 2.27E-11 
46.13333 1.36E-10 1.35E-09 5.46E-10 7.08E-12 2.25E-11 
46.1841 1.41E-10 1.35E-09 5.45E-10 9.39E-12 2.63E-11 
46.23333 1.50E-10 1.35E-09 5.47E-10 1.00E-11 2.61E-11 
46.28437 1.51E-10 1.36E-09 5.51E-10 1.18E-11 2.61E-11 
46.3341 1.48E-10 1.36E-09 5.56E-10 1.15E-11 2.81E-11 
46.38358 1.44E-10 1.35E-09 5.49E-10 1.09E-11 2.92E-11 
46.4341 1.43E-10 1.34E-09 5.42E-10 1.10E-11 2.78E-11 
46.48358 1.35E-10 1.34E-09 5.29E-10 6.73E-12 3.32E-11 
46.53358 1.28E-10 1.35E-09 5.25E-10 8.17E-12 3.29E-11 
46.58385 1.26E-10 1.34E-09 5.53E-10 9.91E-12 3.22E-11 
46.63333 1.29E-10 1.34E-09 5.72E-10 1.12E-11 3.24E-11 
46.68333 1.26E-10 1.35E-09 5.86E-10 1.03E-11 3.19E-11 
46.73437 1.34E-10 1.35E-09 6.00E-10 1.20E-11 2.89E-11 
46.78358 1.39E-10 1.36E-09 6.21E-10 1.17E-11 2.96E-11 
46.83358 1.35E-10 1.36E-09 6.00E-10 9.69E-12 2.90E-11 
46.88358 1.30E-10 1.37E-09 6.15E-10 8.74E-12 2.85E-11 
46.93358 1.26E-10 1.37E-09 5.94E-10 1.15E-11 2.93E-11 
46.98358 1.16E-10 1.37E-09 5.71E-10 1.09E-11 3.07E-11 
47.03358 1.17E-10 1.35E-09 5.67E-10 1.11E-11 3.36E-11 
47.08358 1.23E-10 1.34E-09 5.55E-10 1.19E-11 3.38E-11 
47.1341 1.25E-10 1.34E-09 5.41E-10 1.12E-11 3.78E-11 
47.18333 1.29E-10 1.35E-09 5.50E-10 7.31E-12 4.02E-11 
47.23358 1.27E-10 1.35E-09 5.65E-10 5.51E-12 4.17E-11 
47.28437 1.28E-10 1.35E-09 5.50E-10 5.47E-12 3.98E-11 
47.3341 1.28E-10 1.36E-09 5.57E-10 3.06E-12 4.22E-11 
47.38333 1.26E-10 1.35E-09 5.51E-10 4.71E-12 4.07E-11 
47.43333 1.23E-10 1.35E-09 5.57E-10 4.95E-12 3.93E-11 
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47.48358 1.30E-10 1.35E-09 5.55E-10 7.66E-12 3.79E-11 
47.53437 1.24E-10 1.36E-09 5.61E-10 6.77E-12 4.05E-11 
47.58385 1.21E-10 1.36E-09 5.56E-10 8.58E-12 4.12E-11 
47.63358 1.28E-10 1.35E-09 5.73E-10 4.51E-12 4.47E-11 
47.6841 1.33E-10 1.37E-09 5.75E-10 5.43E-12 4.81E-11 
47.73385 1.25E-10 1.37E-09 5.85E-10 4.51E-12 4.86E-11 
47.78437 1.28E-10 1.37E-09 5.86E-10 4.16E-12 5.11E-11 
47.83358 1.30E-10 1.37E-09 5.87E-10 5.60E-12 5.00E-11 
47.8841 1.24E-10 1.37E-09 5.68E-10 8.32E-12 4.61E-11 
47.93358 1.20E-10 1.35E-09 5.58E-10 7.47E-12 4.50E-11 
47.98333 1.21E-10 1.35E-09 5.40E-10 1.06E-11 4.73E-11 
48.03333 1.17E-10 1.35E-09 5.42E-10 1.13E-11 4.59E-11 
48.08333 1.14E-10 1.33E-09 5.54E-10 1.04E-11 4.90E-11 
48.13385 1.08E-10 1.34E-09 5.48E-10 7.95E-12 5.25E-11 
48.18385 1.05E-10 1.34E-09 5.84E-10 8.51E-12 5.35E-11 
48.23463 1.13E-10 1.34E-09 6.04E-10 5.06E-12 5.37E-11 
48.30025 1.11E-10 1.35E-09 6.07E-10 5.35E-12 5.38E-11 
48.3565 1.13E-10 1.36E-09 5.93E-10 7.30E-12 5.28E-11 
48.41692 1.23E-10 1.36E-09 5.85E-10 1.15E-11 5.34E-11 
48.4677 1.35E-10 1.36E-09 5.42E-10 9.59E-12 5.75E-11 
48.51797 1.27E-10 1.37E-09 5.20E-10 1.26E-11 5.78E-11 
48.56797 1.35E-10 1.36E-09 5.17E-10 1.20E-11 6.40E-11 
48.6177 1.39E-10 1.37E-09 5.30E-10 1.02E-11 6.90E-11 
48.66743 1.37E-10 1.37E-09 5.35E-10 8.72E-12 6.87E-11 
48.71743 1.29E-10 1.37E-09 5.38E-10 9.42E-12 6.71E-11 
48.76692 1.37E-10 1.37E-09 5.48E-10 7.42E-12 7.03E-11 
48.81822 1.31E-10 1.38E-09 5.33E-10 5.74E-12 7.20E-11 
48.86797 1.32E-10 1.38E-09 5.28E-10 3.90E-12 7.07E-11 
48.91667 1.34E-10 1.37E-09 5.16E-10 1.90E-12 7.16E-11 
48.96718 1.37E-10 1.37E-09 5.20E-10 4.39E-12 6.88E-11 
49.01667 1.35E-10 1.36E-09 5.11E-10 8.30E-12 6.90E-11 
49.06718 1.36E-10 1.36E-09 5.37E-10 7.01E-12 6.68E-11 
49.11692 1.28E-10 1.35E-09 5.22E-10 9.56E-12 7.00E-11 
49.16692 1.23E-10 1.35E-09 5.37E-10 8.41E-12 7.15E-11 
49.21743 1.23E-10 1.36E-09 5.30E-10 3.81E-12 7.44E-11 
49.26692 1.23E-10 1.36E-09 5.62E-10 6.99E-13 7.16E-11 
49.31718 1.25E-10 1.36E-09 5.52E-10 2.39E-12 7.21E-11 
49.36718 1.33E-10 1.36E-09 5.49E-10 1.42E-12 6.84E-11 
49.41718 1.33E-10 1.36E-09 5.50E-10 5.73E-12 6.89E-11 
49.46718 1.27E-10 1.37E-09 5.51E-10 8.18E-12 7.24E-11 
49.51743 1.23E-10 1.37E-09 5.47E-10 6.08E-12 7.43E-11 
49.56718 1.21E-10 1.37E-09 5.53E-10 5.14E-12 7.34E-11 
49.61797 1.19E-10 1.37E-09 5.59E-10 6.74E-12 7.54E-11 
49.66667 1.25E-10 1.36E-09 5.68E-10 5.71E-12 7.32E-11 
49.71692 1.25E-10 1.36E-09 5.78E-10 3.65E-12 7.34E-11 
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49.76743 1.34E-10 1.36E-09 5.71E-10 3.86E-12 7.37E-11 
49.81667 1.35E-10 1.36E-09 5.54E-10 2.68E-12 8.00E-11 
49.86718 1.36E-10 1.36E-09 5.43E-10 9.11E-13 7.99E-11 
49.91743 1.32E-10 1.37E-09 5.19E-10 -2.10E-12 8.50E-11 
49.96718 1.37E-10 1.36E-09 5.13E-10 -1.55E-12 8.14E-11 
50.01692 1.30E-10 1.36E-09 5.26E-10 -2.97E-12 8.66E-11 
50.06692 1.31E-10 1.36E-09 5.39E-10 7.65E-13 8.49E-11 
50.11692 1.34E-10 1.35E-09 5.62E-10 7.79E-14 8.70E-11 
50.16667 1.39E-10 1.35E-09 5.80E-10 7.32E-13 9.03E-11 
50.21743 1.36E-10 1.36E-09 5.82E-10 1.87E-12 8.92E-11 
50.2677 1.39E-10 1.36E-09 5.57E-10 6.93E-12 8.34E-11 
50.3177 1.42E-10 1.36E-09 5.48E-10 4.84E-12 8.05E-11 
50.36667 1.38E-10 1.37E-09 5.62E-10 5.71E-12 8.16E-11 
50.41743 1.39E-10 1.37E-09 5.46E-10 7.50E-12 7.49E-11 
50.46797 1.35E-10 1.38E-09 5.46E-10 1.04E-11 8.53E-11 
50.51743 1.31E-10 1.38E-09 5.55E-10 6.89E-12 8.58E-11 
50.56743 1.27E-10 1.38E-09 5.45E-10 1.05E-11 8.26E-11 
50.61692 1.22E-10 1.38E-09 5.18E-10 1.09E-11 8.43E-11 
50.66743 1.11E-10 1.39E-09 5.42E-10 1.57E-11 9.23E-11 
50.71797 1.13E-10 1.38E-09 5.42E-10 1.15E-11 8.81E-11 
50.76667 1.14E-10 1.39E-09 5.17E-10 1.19E-11 8.92E-11 
50.81692 1.24E-10 1.37E-09 5.37E-10 8.28E-12 9.39E-11 
50.86718 1.23E-10 1.36E-09 5.49E-10 8.16E-12 9.09E-11 
50.9177 1.31E-10 1.35E-09 5.46E-10 -5.62E-13 9.10E-11 
50.96743 1.34E-10 1.34E-09 5.37E-10 8.46E-14 9.39E-11 
51.01797 1.39E-10 1.32E-09 5.51E-10 -2.71E-13 9.78E-11 
51.06692 1.31E-10 1.34E-09 5.36E-10 -2.27E-13 9.53E-11 
51.11718 1.35E-10 1.34E-09 5.34E-10 4.80E-13 9.58E-11 
51.16667 1.32E-10 1.35E-09 4.96E-10 2.02E-12 9.45E-11 
51.21667 1.30E-10 1.35E-09 5.05E-10 7.78E-13 9.69E-11 
51.26718 1.30E-10 1.36E-09 5.29E-10 1.03E-12 9.68E-11 
51.31718 1.28E-10 1.35E-09 5.46E-10 3.77E-12 9.87E-11 
51.36692 1.28E-10 1.36E-09 5.36E-10 4.58E-13 1.00E-10 
51.4177 1.26E-10 1.37E-09 5.78E-10 3.71E-12 9.94E-11 
51.46692 1.25E-10 1.38E-09 5.82E-10 6.61E-12 9.54E-11 
51.51692 1.19E-10 1.39E-09 5.44E-10 5.32E-12 9.72E-11 
51.56692 1.23E-10 1.40E-09 5.24E-10 3.75E-12 9.69E-11 
51.61667 1.27E-10 1.38E-09 5.21E-10 6.64E-12 9.60E-11 
51.6664 1.20E-10 1.37E-09 5.10E-10 4.71E-12 9.49E-11 
51.71667 1.27E-10 1.37E-09 5.21E-10 3.48E-12 9.64E-11 
51.76718 1.25E-10 1.37E-09 5.23E-10 5.48E-12 9.61E-11 
51.8164 1.24E-10 1.37E-09 5.34E-10 5.62E-12 9.49E-11 
51.86667 1.22E-10 1.39E-09 5.40E-10 5.53E-12 9.79E-11 
51.91743 1.27E-10 1.37E-09 5.55E-10 6.03E-12 9.72E-11 
51.96667 1.23E-10 1.37E-09 5.25E-10 3.98E-12 9.97E-11 
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52.01718 1.25E-10 1.37E-09 5.26E-10 1.84E-12 9.92E-11 
52.06743 1.26E-10 1.36E-09 5.26E-10 2.56E-12 1.03E-10 
52.11743 1.17E-10 1.36E-09 5.03E-10 4.90E-12 1.04E-10 
52.16848 1.19E-10 1.37E-09 4.76E-10 2.63E-12 1.04E-10 
52.21718 1.18E-10 1.36E-09 5.12E-10 4.88E-12 1.02E-10 
52.2664 1.23E-10 1.36E-09 5.38E-10 7.25E-12 1.03E-10 
52.31743 1.31E-10 1.37E-09 5.59E-10 3.55E-12 1.03E-10 
52.36718 1.33E-10 1.36E-09 5.79E-10 -1.33E-12 1.02E-10 
52.41822 1.32E-10 1.37E-09 5.67E-10 7.54E-13 1.06E-10 
52.46718 1.32E-10 1.38E-09 5.39E-10 -1.24E-12 1.07E-10 
52.51692 1.28E-10 1.38E-09 5.03E-10 -4.15E-12 1.09E-10 
52.56797 1.23E-10 1.37E-09 4.69E-10 -2.52E-12 1.11E-10 
52.61718 1.30E-10 1.37E-09 4.77E-10 2.35E-13 1.09E-10 
52.66743 1.31E-10 1.36E-09 4.87E-10 3.45E-12 1.03E-10 
52.71743 1.31E-10 1.36E-09 4.93E-10 5.91E-12 1.01E-10 
52.76848 1.30E-10 1.37E-09 4.91E-10 5.88E-12 1.04E-10 
52.81692 1.27E-10 1.38E-09 5.14E-10 7.78E-12 1.03E-10 
52.86822 1.24E-10 1.38E-09 4.87E-10 6.56E-12 1.06E-10 
52.91718 1.24E-10 1.38E-09 5.01E-10 4.90E-12 1.10E-10 
52.96848 1.24E-10 1.38E-09 4.77E-10 3.26E-12 1.08E-10 
53.01743 1.24E-10 1.38E-09 5.07E-10 6.02E-12 1.02E-10 
53.06692 1.19E-10 1.38E-09 5.08E-10 4.94E-12 1.05E-10 
53.11692 1.21E-10 1.38E-09 5.30E-10 4.60E-12 1.08E-10 
53.16718 1.23E-10 1.39E-09 5.17E-10 3.97E-12 1.06E-10 
53.2177 1.24E-10 1.38E-09 5.49E-10 2.59E-12 1.09E-10 
53.26692 1.26E-10 1.39E-09 5.32E-10 1.81E-12 1.09E-10 
53.31667 1.29E-10 1.38E-09 5.37E-10 1.51E-12 1.09E-10 
53.36743 1.26E-10 1.38E-09 5.24E-10 8.19E-14 1.15E-10 
53.4164 1.25E-10 1.36E-09 5.34E-10 -9.92E-13 1.20E-10 
53.46692 1.30E-10 1.36E-09 5.35E-10 -9.52E-14 1.23E-10 
53.51692 1.26E-10 1.35E-09 5.60E-10 -1.37E-12 1.27E-10 
53.56718 1.27E-10 1.35E-09 5.36E-10 9.04E-13 1.24E-10 
53.61718 1.28E-10 1.36E-09 5.32E-10 1.45E-12 1.16E-10 
53.66667 1.31E-10 1.36E-09 5.29E-10 3.27E-12 1.10E-10 
53.7177 1.25E-10 1.38E-09 5.02E-10 3.30E-12 1.12E-10 
53.76743 1.26E-10 1.39E-09 5.11E-10 2.89E-12 1.10E-10 
53.81718 1.25E-10 1.40E-09 5.10E-10 9.25E-13 1.09E-10 
53.86743 1.27E-10 1.40E-09 5.41E-10 3.02E-12 1.09E-10 
53.91718 1.24E-10 1.39E-09 5.47E-10 7.43E-14 1.17E-10 
53.96692 1.28E-10 1.37E-09 5.55E-10 3.34E-13 1.14E-10 
54.01718 1.35E-10 1.35E-09 5.21E-10 5.54E-13 1.12E-10 
54.06718 1.31E-10 1.35E-09 5.09E-10 -2.64E-12 1.14E-10 
54.11743 1.24E-10 1.35E-09 4.87E-10 -3.23E-12 1.14E-10 
54.16667 1.22E-10 1.36E-09 4.74E-10 -1.42E-12 1.11E-10 
54.21692 1.23E-10 1.36E-09 4.88E-10 -1.89E-12 1.12E-10 
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54.26667 1.16E-10 1.37E-09 5.05E-10 7.31E-13 1.12E-10 
54.31667 1.16E-10 1.36E-09 5.09E-10 3.00E-12 1.12E-10 
54.3664 1.18E-10 1.36E-09 5.15E-10 4.27E-12 1.08E-10 
54.41718 1.23E-10 1.37E-09 5.35E-10 3.54E-12 1.11E-10 
54.46692 1.23E-10 1.36E-09 5.25E-10 7.20E-12 1.07E-10 
54.51692 1.19E-10 1.36E-09 5.20E-10 7.79E-12 1.10E-10 
54.56718 1.21E-10 1.37E-09 5.29E-10 7.81E-12 1.11E-10 
54.61743 1.22E-10 1.36E-09 5.27E-10 5.84E-12 1.14E-10 
54.66692 1.23E-10 1.35E-09 5.30E-10 4.46E-12 1.13E-10 
54.71613 1.18E-10 1.35E-09 5.36E-10 3.79E-13 1.16E-10 
54.76667 1.30E-10 1.35E-09 5.27E-10 -1.93E-12 1.13E-10 
54.81718 1.35E-10 1.34E-09 5.57E-10 -1.83E-12 1.12E-10 
54.86743 1.36E-10 1.34E-09 5.60E-10 -2.29E-12 1.16E-10 
54.91718 1.33E-10 1.35E-09 5.23E-10 -2.89E-12 1.19E-10 
54.96692 1.31E-10 1.36E-09 5.21E-10 -2.77E-12 1.24E-10 
55.01692 1.25E-10 1.36E-09 5.13E-10 -4.51E-12 1.26E-10 
55.06743 1.24E-10 1.38E-09 4.62E-10 -4.76E-12 1.32E-10 
55.11667 1.21E-10 1.37E-09 4.40E-10 -3.12E-12 1.31E-10 
55.16743 1.18E-10 1.37E-09 4.43E-10 -1.45E-12 1.28E-10 
55.21667 1.24E-10 1.37E-09 4.57E-10 -1.68E-12 1.30E-10 
55.26692 1.29E-10 1.37E-09 4.50E-10 -9.76E-13 1.32E-10 
55.3177 1.27E-10 1.37E-09 4.81E-10 -4.58E-13 1.27E-10 
55.36718 1.31E-10 1.37E-09 4.98E-10 -1.65E-12 1.24E-10 
55.41692 1.33E-10 1.36E-09 5.19E-10 -3.19E-12 1.28E-10 
55.46692 1.34E-10 1.35E-09 5.31E-10 8.23E-13 1.21E-10 
55.51743 1.28E-10 1.36E-09 5.47E-10 1.55E-13 1.18E-10 
55.56692 1.25E-10 1.36E-09 5.64E-10 -3.21E-12 1.20E-10 
55.61692 1.24E-10 1.36E-09 5.75E-10 -2.11E-12 1.21E-10 
55.66692 1.16E-10 1.36E-09 5.48E-10 -2.88E-12 1.19E-10 
55.71718 1.09E-10 1.37E-09 5.33E-10 -4.25E-12 1.20E-10 
55.76667 1.09E-10 1.36E-09 5.36E-10 -9.23E-13 1.19E-10 
55.81692 1.09E-10 1.37E-09 5.02E-10 2.87E-12 1.18E-10 
55.86822 1.10E-10 1.38E-09 5.20E-10 1.34E-12 1.17E-10 
55.91692 1.23E-10 1.38E-09 5.33E-10 2.99E-12 1.19E-10 
55.96667 1.28E-10 1.37E-09 5.29E-10 2.93E-12 1.15E-10 
56.0177 1.35E-10 1.38E-09 5.44E-10 2.47E-12 1.12E-10 
56.06743 1.34E-10 1.39E-09 5.62E-10 4.79E-12 1.11E-10 
56.11797 1.38E-10 1.39E-09 5.67E-10 2.99E-12 1.15E-10 
56.16718 1.32E-10 1.38E-09 5.63E-10 4.00E-12 1.09E-10 
56.21797 1.33E-10 1.39E-09 5.57E-10 6.35E-12 1.13E-10 
56.2677 1.23E-10 1.39E-09 5.26E-10 3.25E-12 1.19E-10 
56.3177 1.26E-10 1.37E-09 5.33E-10 1.36E-12 1.21E-10 
56.36667 1.23E-10 1.37E-09 5.14E-10 5.27E-12 1.20E-10 
56.41743 1.20E-10 1.37E-09 5.19E-10 4.90E-12 1.24E-10 
56.46718 1.23E-10 1.37E-09 5.17E-10 1.91E-12 1.21E-10 
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56.51743 1.26E-10 1.36E-09 5.45E-10 3.67E-12 1.19E-10 
56.56718 1.19E-10 1.37E-09 5.35E-10 3.27E-12 1.21E-10 
56.61797 1.20E-10 1.37E-09 5.56E-10 8.07E-13 1.20E-10 
56.6677 1.22E-10 1.38E-09 5.66E-10 1.23E-12 1.17E-10 
56.71743 1.20E-10 1.37E-09 5.78E-10 2.02E-12 1.18E-10 
56.7677 1.22E-10 1.38E-09 5.57E-10 5.20E-12 1.13E-10 
56.8164 1.26E-10 1.37E-09 5.63E-10 4.95E-12 1.15E-10 
56.86692 1.27E-10 1.35E-09 5.43E-10 4.95E-12 1.20E-10 
56.91692 1.22E-10 1.34E-09 5.51E-10 4.27E-12 1.18E-10 
56.96743 1.11E-10 1.34E-09 5.51E-10 2.54E-12 1.20E-10 
57.0177 1.09E-10 1.33E-09 5.64E-10 -1.34E-12 1.25E-10 
57.06718 1.05E-10 1.34E-09 5.46E-10 -2.58E-12 1.26E-10 
57.11692 1.00E-10 1.35E-09 5.25E-10 -3.51E-12 1.23E-10 
57.1677 1.04E-10 1.35E-09 5.06E-10 -1.69E-12 1.23E-10 
57.21692 1.12E-10 1.34E-09 5.11E-10 -2.85E-12 1.25E-10 
57.26718 1.23E-10 1.33E-09 4.92E-10 -3.81E-12 1.23E-10 
57.31692 1.32E-10 1.33E-09 4.88E-10 -3.14E-12 1.18E-10 
57.36797 1.34E-10 1.34E-09 5.07E-10 7.51E-13 1.20E-10 
57.41743 1.39E-10 1.35E-09 5.21E-10 3.21E-14 1.21E-10 
57.46692 1.39E-10 1.37E-09 5.15E-10 6.97E-12 1.16E-10 
57.51718 1.32E-10 1.37E-09 5.40E-10 8.22E-12 1.18E-10 
57.5664 1.28E-10 1.37E-09 5.74E-10 7.65E-12 1.20E-10 
57.6164 1.25E-10 1.36E-09 5.44E-10 5.05E-12 1.18E-10 
57.6677 1.22E-10 1.36E-09 5.48E-10 4.02E-12 1.22E-10 
57.71743 1.24E-10 1.35E-09 5.54E-10 -2.60E-12 1.24E-10 
57.76743 1.30E-10 1.35E-09 5.25E-10 -4.66E-12 1.28E-10 
57.81743 1.32E-10 1.36E-09 4.92E-10 -2.01E-12 1.29E-10 
57.86667 1.37E-10 1.37E-09 5.15E-10 -2.90E-13 1.28E-10 
57.91743 1.34E-10 1.37E-09 5.00E-10 9.63E-13 1.28E-10 
57.96718 1.39E-10 1.37E-09 5.34E-10 4.72E-12 1.29E-10 
58.01718 1.33E-10 1.38E-09 5.74E-10 7.11E-12 1.26E-10 
58.06718 1.37E-10 1.38E-09 5.95E-10 5.07E-12 1.26E-10 
58.11692 1.33E-10 1.37E-09 5.94E-10 4.17E-12 1.27E-10 
58.16743 1.35E-10 1.37E-09 5.97E-10 2.16E-12 1.26E-10 
58.21743 1.27E-10 1.37E-09 5.42E-10 3.57E-12 1.27E-10 
58.26667 1.23E-10 1.38E-09 5.41E-10 8.49E-12 1.27E-10 
58.31718 1.12E-10 1.37E-09 5.14E-10 9.23E-12 1.24E-10 
58.3664 1.19E-10 1.37E-09 5.09E-10 1.20E-11 1.26E-10 
58.41718 1.22E-10 1.37E-09 5.13E-10 1.39E-11 1.25E-10 
58.46667 1.23E-10 1.36E-09 5.32E-10 9.79E-12 1.24E-10 
58.51718 1.31E-10 1.36E-09 4.87E-10 4.95E-12 1.22E-10 
58.5677 1.31E-10 1.36E-09 5.02E-10 6.85E-12 1.23E-10 
58.6177 1.34E-10 1.36E-09 5.15E-10 1.69E-12 1.21E-10 
58.66692 1.32E-10 1.36E-09 5.41E-10 7.93E-13 1.23E-10 
58.71743 1.24E-10 1.36E-09 5.19E-10 -1.76E-12 1.26E-10 
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58.7677 1.15E-10 1.37E-09 5.58E-10 -1.23E-12 1.28E-10 
58.81743 1.22E-10 1.37E-09 5.64E-10 -5.78E-12 1.29E-10 
58.86667 1.13E-10 1.38E-09 5.62E-10 -4.57E-12 1.27E-10 
58.91718 1.10E-10 1.37E-09 5.45E-10 -5.83E-12 1.29E-10 
58.96718 1.16E-10 1.37E-09 5.51E-10 -8.14E-13 1.23E-10 
59.0177 1.23E-10 1.36E-09 5.35E-10 -4.07E-12 1.30E-10 
59.06718 1.16E-10 1.36E-09 5.36E-10 -2.55E-12 1.30E-10 
59.11667 1.20E-10 1.36E-09 5.30E-10 -2.65E-12 1.33E-10 
59.16718 1.21E-10 1.37E-09 5.07E-10 -1.59E-12 1.29E-10 
59.21667 1.16E-10 1.37E-09 5.15E-10 -1.90E-12 1.34E-10 
59.26743 1.12E-10 1.37E-09 5.16E-10 7.03E-13 1.26E-10 
59.31743 1.11E-10 1.37E-09 4.90E-10 2.41E-13 1.27E-10 
59.36692 1.07E-10 1.38E-09 4.75E-10 2.28E-12 1.24E-10 
59.41743 1.16E-10 1.38E-09 4.66E-10 4.61E-12 1.26E-10 
59.4677 1.20E-10 1.39E-09 4.92E-10 3.63E-12 1.28E-10 
59.5177 1.26E-10 1.39E-09 4.84E-10 4.66E-12 1.32E-10 
59.56718 1.30E-10 1.38E-09 5.02E-10 6.29E-12 1.30E-10 
59.61667 1.35E-10 1.39E-09 5.25E-10 3.84E-12 1.35E-10 
59.66718 1.27E-10 1.39E-09 5.56E-10 -4.11E-14 1.39E-10 
59.7164 1.26E-10 1.40E-09 5.27E-10 1.21E-12 1.35E-10 
59.76718 1.28E-10 1.40E-09 5.29E-10 4.52E-13 1.32E-10 
59.81692 1.25E-10 1.40E-09 5.21E-10 1.06E-12 1.30E-10 
59.8664 1.18E-10 1.39E-09 5.33E-10 2.85E-12 1.25E-10 
59.91718 1.27E-10 1.38E-09 5.18E-10 4.26E-12 1.25E-10 
59.96692 1.30E-10 1.37E-09 5.34E-10 2.45E-12 1.24E-10 
60.01692 1.31E-10 1.37E-09 5.26E-10 7.02E-12 1.22E-10 
60.06692 1.29E-10 1.37E-09 5.54E-10 5.60E-12 1.26E-10 
60.11743 1.34E-10 1.37E-09 5.47E-10 7.36E-12 1.29E-10 
60.16797 1.25E-10 1.37E-09 5.50E-10 7.18E-12 1.25E-10 
60.21667 1.19E-10 1.37E-09 5.55E-10 8.09E-12 1.23E-10 
60.26692 1.19E-10 1.37E-09 5.48E-10 3.10E-12 1.30E-10 
60.31692 1.21E-10 1.37E-09 5.36E-10 5.07E-12 1.26E-10 
60.36692 1.18E-10 1.37E-09 5.11E-10 7.83E-12 1.21E-10 
60.41743 1.20E-10 1.36E-09 5.29E-10 6.62E-12 1.25E-10 
60.46667 1.26E-10 1.37E-09 5.38E-10 3.05E-12 1.30E-10 
60.51667 1.16E-10 1.36E-09 5.89E-10 4.66E-12 1.29E-10 
60.56718 1.17E-10 1.36E-09 5.86E-10 1.32E-12 1.31E-10 
60.61667 1.23E-10 1.36E-09 6.04E-10 -6.77E-12 1.37E-10 
60.66718 1.17E-10 1.35E-09 5.99E-10 -5.68E-12 1.36E-10 
60.71743 1.18E-10 1.36E-09 5.90E-10 -1.22E-12 1.32E-10 
60.76692 1.24E-10 1.37E-09 5.40E-10 -7.12E-13 1.27E-10 
60.81718 1.27E-10 1.37E-09 5.45E-10 3.51E-12 1.28E-10 
60.86667 1.23E-10 1.37E-09 5.45E-10 7.19E-12 1.24E-10 
60.91692 1.35E-10 1.37E-09 5.43E-10 1.05E-11 1.22E-10 
60.96718 1.31E-10 1.36E-09 5.20E-10 1.17E-11 1.21E-10 
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61.01692 1.37E-10 1.36E-09 5.30E-10 9.97E-12 1.24E-10 
61.06743 1.38E-10 1.37E-09 5.27E-10 6.33E-12 1.24E-10 
61.11743 1.34E-10 1.37E-09 5.06E-10 7.47E-12 1.27E-10 
61.1677 1.35E-10 1.36E-09 4.99E-10 4.09E-12 1.27E-10 
61.21797 1.37E-10 1.37E-09 4.98E-10 -1.39E-12 1.30E-10 
61.26718 1.30E-10 1.37E-09 5.05E-10 -3.23E-12 1.35E-10 
61.3177 1.26E-10 1.36E-09 5.03E-10 -2.21E-12 1.36E-10 
61.3677 1.27E-10 1.36E-09 5.14E-10 -3.14E-12 1.41E-10 
61.41718 1.21E-10 1.37E-09 5.15E-10 -2.94E-12 1.43E-10 
61.46743 1.17E-10 1.37E-09 5.28E-10 2.40E-12 1.39E-10 
61.51718 1.16E-10 1.38E-09 5.25E-10 3.86E-12 1.35E-10 
61.56692 1.15E-10 1.37E-09 5.28E-10 5.91E-12 1.32E-10 
61.61692 1.12E-10 1.38E-09 5.35E-10 5.40E-12 1.27E-10 
61.66692 1.16E-10 1.38E-09 5.29E-10 5.02E-12 1.25E-10 
61.7177 1.20E-10 1.36E-09 5.33E-10 4.18E-12 1.29E-10 
61.76718 1.21E-10 1.35E-09 5.59E-10 6.22E-12 1.30E-10 
61.81692 1.24E-10 1.35E-09 5.54E-10 8.22E-12 1.26E-10 
61.8677 1.29E-10 1.35E-09 5.44E-10 7.56E-12 1.31E-10 
61.91667 1.23E-10 1.35E-09 5.55E-10 9.81E-12 1.29E-10 
61.96692 1.28E-10 1.36E-09 5.26E-10 7.54E-12 1.29E-10 
62.01667 1.29E-10 1.36E-09 5.30E-10 3.60E-12 1.30E-10 
62.06718 1.29E-10 1.36E-09 5.24E-10 5.37E-13 1.32E-10 
62.11718 1.35E-10 1.36E-09 5.13E-10 9.74E-13 1.29E-10 
62.16718 1.30E-10 1.38E-09 4.98E-10 2.01E-12 1.29E-10 
62.2164 1.18E-10 1.38E-09 5.00E-10 5.80E-13 1.31E-10 
62.26692 1.20E-10 1.38E-09 4.84E-10 1.43E-12 1.33E-10 
62.31692 1.25E-10 1.37E-09 4.98E-10 1.98E-12 1.32E-10 
62.36692 1.16E-10 1.36E-09 5.24E-10 3.06E-12 1.30E-10 
62.41718 1.17E-10 1.36E-09 5.02E-10 9.29E-13 1.29E-10 
62.46667 1.19E-10 1.36E-09 5.17E-10 4.00E-12 1.27E-10 
62.5177 1.17E-10 1.35E-09 5.12E-10 7.85E-12 1.26E-10 
62.56692 1.12E-10 1.36E-09 5.04E-10 5.48E-12 1.30E-10 
62.6177 1.18E-10 1.36E-09 5.04E-10 4.63E-12 1.32E-10 
62.6677 1.20E-10 1.36E-09 5.17E-10 2.12E-12 1.38E-10 
62.71692 1.24E-10 1.36E-09 5.27E-10 -2.09E-13 1.39E-10 
62.76718 1.24E-10 1.37E-09 5.25E-10 -4.30E-12 1.37E-10 
62.81718 1.26E-10 1.37E-09 5.24E-10 -1.00E-12 1.37E-10 
62.86667 1.21E-10 1.38E-09 5.13E-10 -1.21E-12 1.38E-10 
62.91743 1.22E-10 1.38E-09 5.05E-10 -9.49E-13 1.36E-10 
62.96718 1.18E-10 1.37E-09 5.06E-10 3.86E-12 1.39E-10 
63.01667 1.18E-10 1.37E-09 4.96E-10 5.87E-12 1.38E-10 
63.06718 1.24E-10 1.37E-09 5.05E-10 6.05E-12 1.36E-10 
63.11797 1.25E-10 1.37E-09 5.31E-10 4.39E-12 1.32E-10 
63.1677 1.18E-10 1.36E-09 5.41E-10 3.30E-12 1.29E-10 
63.21797 1.13E-10 1.37E-09 5.19E-10 3.68E-12 1.23E-10 
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63.2677 1.10E-10 1.39E-09 5.31E-10 1.40E-12 1.27E-10 
63.31797 1.04E-10 1.39E-09 5.38E-10 4.29E-13 1.29E-10 
63.36743 1.03E-10 1.38E-09 5.04E-10 3.23E-13 1.37E-10 
63.41692 1.08E-10 1.39E-09 5.11E-10 5.99E-12 1.36E-10 
63.46743 1.14E-10 1.38E-09 5.05E-10 1.05E-12 1.37E-10 
63.51692 1.21E-10 1.37E-09 5.03E-10 1.24E-12 1.34E-10 
63.569 1.16E-10 1.37E-09 4.93E-10 -3.25E-12 1.35E-10 
63.6177 1.22E-10 1.37E-09 5.06E-10 -9.59E-13 1.28E-10 
63.66743 1.23E-10 1.36E-09 5.30E-10 -9.76E-13 1.28E-10 
63.71718 1.26E-10 1.36E-09 5.28E-10 -6.98E-13 1.31E-10 
63.76743 1.24E-10 1.36E-09 5.20E-10 2.86E-12 1.32E-10 
63.81848 1.27E-10 1.35E-09 5.25E-10 4.92E-12 1.31E-10 
63.86718 1.20E-10 1.36E-09 5.21E-10 4.25E-12 1.33E-10 
63.91743 1.21E-10 1.37E-09 4.93E-10 3.11E-12 1.35E-10 
63.96718 1.25E-10 1.37E-09 5.17E-10 1.89E-12 1.35E-10 
64.01743 1.29E-10 1.38E-09 5.20E-10 -3.14E-12 1.41E-10 
64.06743 1.35E-10 1.38E-09 5.08E-10 -2.90E-12 1.42E-10 
64.11718 1.35E-10 1.38E-09 5.16E-10 -4.46E-12 1.41E-10 
64.1677 1.39E-10 1.37E-09 5.12E-10 -7.88E-12 1.39E-10 
64.21743 1.30E-10 1.38E-09 5.24E-10 -7.07E-12 1.40E-10 
64.2677 1.26E-10 1.38E-09 5.72E-10 -5.11E-12 1.37E-10 
64.31718 1.20E-10 1.38E-09 5.88E-10 -5.11E-12 1.41E-10 
64.36718 1.21E-10 1.37E-09 5.65E-10 -3.11E-12 1.37E-10 
64.41848 1.17E-10 1.38E-09 5.75E-10 -3.68E-12 1.38E-10 
64.46743 1.19E-10 1.37E-09 5.53E-10 -5.75E-12 1.37E-10 
64.51797 1.13E-10 1.37E-09 5.18E-10 -3.80E-12 1.36E-10 
64.56667 1.08E-10 1.37E-09 4.94E-10 -2.79E-12 1.32E-10 
64.61667 1.12E-10 1.38E-09 5.24E-10 -3.37E-12 1.34E-10 
64.66692 1.10E-10 1.37E-09 5.37E-10 -1.96E-12 1.36E-10 
64.71667 1.13E-10 1.38E-09 5.35E-10 -4.51E-13 1.35E-10 
64.76718 1.19E-10 1.37E-09 5.30E-10 1.07E-12 1.32E-10 
64.81692 1.19E-10 1.37E-09 5.32E-10 6.64E-13 1.33E-10 
64.86718 1.21E-10 1.37E-09 5.23E-10 -1.65E-12 1.38E-10 
64.91692 1.24E-10 1.36E-09 5.18E-10 -4.44E-12 1.38E-10 
64.96743 1.22E-10 1.36E-09 5.25E-10 -1.52E-12 1.36E-10 
65.01667 1.17E-10 1.36E-09 5.10E-10 -4.18E-12 1.36E-10 
65.06692 1.17E-10 1.36E-09 5.12E-10 -2.10E-12 1.34E-10 
65.11667 1.09E-10 1.36E-09 4.91E-10 2.94E-13 1.32E-10 
65.16822 1.07E-10 1.36E-09 4.89E-10 3.11E-12 1.29E-10 
65.21667 1.08E-10 1.37E-09 4.91E-10 2.04E-12 1.32E-10 
65.2677 1.12E-10 1.37E-09 4.96E-10 -6.17E-14 1.35E-10 
65.3177 1.12E-10 1.36E-09 5.10E-10 -3.90E-12 1.37E-10 
65.36692 1.15E-10 1.38E-09 5.33E-10 -3.67E-12 1.38E-10 
65.41718 1.09E-10 1.38E-09 5.34E-10 -4.60E-12 1.43E-10 
65.46743 1.08E-10 1.38E-09 5.22E-10 -3.23E-12 1.40E-10 
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65.51692 1.06E-10 1.37E-09 5.42E-10 -9.26E-13 1.45E-10 
65.56667 1.10E-10 1.37E-09 5.51E-10 -1.47E-12 1.48E-10 
65.61718 1.10E-10 1.37E-09 5.21E-10 7.44E-13 1.52E-10 
65.66692 1.19E-10 1.36E-09 5.38E-10 1.34E-12 1.56E-10 
65.71797 1.16E-10 1.37E-09 5.64E-10 -1.74E-12 1.60E-10 
65.76718 1.22E-10 1.37E-09 5.69E-10 -4.93E-13 1.56E-10 
65.81692 1.23E-10 1.38E-09 5.69E-10 1.71E-12 1.50E-10 
65.86692 1.27E-10 1.38E-09 5.74E-10 -1.99E-12 1.43E-10 
65.91743 1.26E-10 1.38E-09 5.54E-10 -1.37E-12 1.37E-10 
65.96743 1.24E-10 1.37E-09 5.38E-10 -5.96E-13 1.33E-10 
66.01667 1.26E-10 1.36E-09 5.38E-10 -2.45E-12 1.33E-10 
66.06692 1.22E-10 1.36E-09 5.18E-10 -3.99E-12 1.39E-10 
66.11692 1.17E-10 1.35E-09 5.40E-10 -5.08E-13 1.42E-10 
66.16718 1.15E-10 1.36E-09 5.66E-10 -1.22E-12 1.40E-10 
66.21743 1.17E-10 1.37E-09 5.80E-10 2.27E-13 1.40E-10 
66.26692 1.17E-10 1.37E-09 5.77E-10 3.77E-12 1.38E-10 
66.3177 1.22E-10 1.38E-09 5.68E-10 5.51E-12 1.38E-10 
66.36692 1.28E-10 1.38E-09 5.62E-10 5.91E-12 1.32E-10 
66.41718 1.32E-10 1.38E-09 5.33E-10 6.19E-12 1.36E-10 
66.46743 1.37E-10 1.38E-09 5.19E-10 3.13E-12 1.40E-10 
66.51743 1.38E-10 1.38E-09 4.92E-10 -1.85E-12 1.46E-10 
66.56718 1.37E-10 1.38E-09 5.05E-10 5.73E-13 1.43E-10 
66.61718 1.39E-10 1.38E-09 5.17E-10 -2.95E-12 1.47E-10 
66.66743 1.30E-10 1.38E-09 5.19E-10 -2.25E-13 1.46E-10 
66.71743 1.37E-10 1.38E-09 5.17E-10 3.46E-12 1.38E-10 
66.76692 1.36E-10 1.37E-09 5.20E-10 4.20E-12 1.31E-10 
66.81797 1.31E-10 1.37E-09 5.13E-10 3.00E-12 1.34E-10 
66.86743 1.24E-10 1.37E-09 4.78E-10 4.36E-12 1.36E-10 
66.91718 1.28E-10 1.37E-09 4.87E-10 6.83E-12 1.37E-10 
66.96718 1.13E-10 1.37E-09 4.82E-10 3.19E-12 1.42E-10 
67.01718 1.12E-10 1.36E-09 5.16E-10 3.26E-13 1.48E-10 
67.06718 1.14E-10 1.37E-09 5.01E-10 -2.19E-12 1.50E-10 
67.11692 1.12E-10 1.35E-09 5.23E-10 -3.23E-12 1.50E-10 
67.16718 1.11E-10 1.36E-09 5.10E-10 -5.36E-12 1.50E-10 
67.2177 1.16E-10 1.36E-09 5.08E-10 -4.37E-12 1.48E-10 
67.26743 1.13E-10 1.37E-09 4.52E-10 -1.77E-12 1.42E-10 
67.31718 1.16E-10 1.37E-09 4.82E-10 -9.45E-13 1.41E-10 
67.36797 1.22E-10 1.38E-09 4.95E-10 -1.26E-12 1.41E-10 
67.41952 1.23E-10 1.38E-09 4.91E-10 -3.13E-12 1.39E-10 
67.4677 1.31E-10 1.37E-09 5.09E-10 -1.92E-12 1.44E-10 
67.51718 1.36E-10 1.36E-09 5.41E-10 -2.05E-12 1.46E-10 
67.56743 1.37E-10 1.35E-09 5.50E-10 2.75E-12 1.40E-10 
67.61743 1.32E-10 1.34E-09 5.31E-10 7.17E-12 1.35E-10 
67.66692 1.29E-10 1.34E-09 5.33E-10 9.11E-12 1.36E-10 
67.7177 1.17E-10 1.34E-09 5.26E-10 8.49E-12 1.35E-10 
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67.76743 1.14E-10 1.36E-09 5.22E-10 9.27E-12 1.38E-10 
67.81743 1.18E-10 1.36E-09 5.09E-10 4.90E-12 1.40E-10 
67.86743 1.18E-10 1.37E-09 5.01E-10 1.39E-12 1.48E-10 
67.91692 1.18E-10 1.38E-09 5.07E-10 2.36E-13 1.52E-10 
67.96692 1.22E-10 1.38E-09 5.26E-10 8.32E-13 1.47E-10 
68.0177 1.21E-10 1.39E-09 5.31E-10 2.77E-12 1.44E-10 
68.06718 1.13E-10 1.39E-09 5.30E-10 2.70E-12 1.44E-10 
68.11692 1.13E-10 1.38E-09 5.48E-10 5.34E-12 1.34E-10 
68.16822 1.14E-10 1.36E-09 5.38E-10 1.68E-12 1.39E-10 
68.21718 1.16E-10 1.37E-09 5.41E-10 2.94E-12 1.46E-10 
68.26667 1.12E-10 1.38E-09 5.47E-10 2.08E-12 1.45E-10 
68.31692 1.13E-10 1.39E-09 5.37E-10 1.32E-12 1.47E-10 
68.3664 1.12E-10 1.40E-09 5.35E-10 -4.56E-12 1.58E-10 
68.41743 1.15E-10 1.41E-09 5.54E-10 -1.59E-12 1.51E-10 
68.46718 1.13E-10 1.41E-09 5.40E-10 -4.69E-13 1.48E-10 
68.51692 1.17E-10 1.39E-09 5.33E-10 -1.12E-12 1.51E-10 
68.56692 1.17E-10 1.39E-09 5.51E-10 2.62E-12 1.46E-10 
68.61743 1.22E-10 1.38E-09 5.51E-10 7.29E-12 1.36E-10 
68.6664 1.28E-10 1.37E-09 5.31E-10 7.61E-12 1.34E-10 
68.71667 1.27E-10 1.36E-09 5.24E-10 2.03E-12 1.37E-10 
68.76718 1.28E-10 1.36E-09 5.16E-10 3.91E-12 1.39E-10 
68.81718 1.34E-10 1.36E-09 5.24E-10 -6.44E-13 1.49E-10 
68.86718 1.36E-10 1.38E-09 5.15E-10 -3.96E-12 1.53E-10 
68.91718 1.32E-10 1.37E-09 5.22E-10 -4.88E-12 1.57E-10 
68.96692 1.40E-10 1.36E-09 5.32E-10 -8.77E-13 1.52E-10 
69.01692 1.43E-10 1.35E-09 5.30E-10 -3.49E-12 1.48E-10 
69.06718 1.36E-10 1.35E-09 5.00E-10 2.33E-12 1.37E-10 
69.11692 1.24E-10 1.34E-09 5.11E-10 5.19E-12 1.41E-10 
69.16667 1.25E-10 1.35E-09 5.19E-10 5.95E-12 1.40E-10 
69.21718 1.19E-10 1.37E-09 5.31E-10 3.60E-12 1.40E-10 
69.2677 1.15E-10 1.38E-09 5.38E-10 5.50E-12 1.42E-10 
69.31692 1.15E-10 1.39E-09 5.62E-10 6.61E-12 1.46E-10 
69.36667 1.26E-10 1.39E-09 5.68E-10 6.14E-12 1.48E-10 
69.41667 1.27E-10 1.39E-09 5.71E-10 5.28E-12 1.52E-10 
69.46692 1.22E-10 1.38E-09 5.67E-10 7.11E-12 1.54E-10 
69.51692 1.22E-10 1.37E-09 5.67E-10 3.87E-12 1.55E-10 
69.56743 1.27E-10 1.37E-09 5.78E-10 -2.21E-12 1.56E-10 
69.61718 1.17E-10 1.37E-09 5.44E-10 -4.49E-13 1.54E-10 
69.66743 1.14E-10 1.36E-09 5.38E-10 -5.99E-13 1.53E-10 
69.71667 1.19E-10 1.36E-09 5.05E-10 1.10E-12 1.53E-10 
69.76718 1.20E-10 1.35E-09 5.28E-10 3.24E-12 1.48E-10 
69.8177 1.16E-10 1.34E-09 4.94E-10 4.03E-12 1.52E-10 
69.86743 1.20E-10 1.35E-09 5.14E-10 1.82E-12 1.49E-10 
69.91692 1.20E-10 1.35E-09 5.15E-10 4.61E-12 1.43E-10 
69.96743 1.16E-10 1.34E-09 5.35E-10 2.27E-12 1.41E-10 
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70.0164 1.15E-10 1.35E-09 5.10E-10 1.92E-12 1.42E-10 
70.06797 1.15E-10 1.36E-09 5.25E-10 1.00E-12 1.40E-10 
70.11667 1.18E-10 1.35E-09 5.44E-10 9.08E-13 1.44E-10 
70.1664 1.15E-10 1.35E-09 5.44E-10 8.83E-13 1.49E-10 
70.21718 1.21E-10 1.36E-09 5.61E-10 3.05E-12 1.51E-10 
70.26692 1.19E-10 1.38E-09 5.60E-10 3.26E-12 1.50E-10 
70.31718 1.19E-10 1.38E-09 5.84E-10 4.20E-12 1.44E-10 
70.36692 1.16E-10 1.41E-09 5.89E-10 4.69E-12 1.39E-10 
70.41692 1.22E-10 1.41E-09 5.78E-10 2.77E-12 1.34E-10 
70.46718 1.16E-10 1.41E-09 5.66E-10 -1.09E-13 1.32E-10 
70.51718 1.13E-10 1.38E-09 5.65E-10 4.72E-12 1.32E-10 
70.56667 1.12E-10 1.37E-09 5.52E-10 5.44E-12 1.37E-10 
70.61718 1.11E-10 1.36E-09 5.33E-10 7.65E-12 1.40E-10 
70.66718 1.04E-10 1.35E-09 5.35E-10 4.52E-12 1.48E-10 
70.71718 1.07E-10 1.35E-09 5.41E-10 4.67E-12 1.50E-10 
70.76797 1.15E-10 1.36E-09 5.51E-10 1.97E-12 1.52E-10 
70.81667 1.17E-10 1.37E-09 5.42E-10 3.41E-12 1.48E-10 
70.86667 1.15E-10 1.37E-09 5.55E-10 4.06E-13 1.48E-10 
70.91692 1.18E-10 1.37E-09 5.77E-10 7.59E-12 1.47E-10 
70.96743 1.22E-10 1.36E-09 5.49E-10 5.70E-12 1.52E-10 
71.01692 1.21E-10 1.37E-09 5.25E-10 4.18E-12 1.53E-10 
71.06718 1.12E-10 1.36E-09 5.29E-10 8.44E-13 1.61E-10 
71.11718 1.10E-10 1.37E-09 5.13E-10 1.01E-12 1.60E-10 
71.16718 1.09E-10 1.37E-09 4.98E-10 -1.60E-12 1.59E-10 
71.21743 1.09E-10 1.37E-09 5.29E-10 -1.27E-12 1.56E-10 
71.26718 1.08E-10 1.36E-09 5.58E-10 -2.02E-12 1.56E-10 
71.31797 1.14E-10 1.36E-09 5.37E-10 -2.58E-12 1.54E-10 
71.36718 1.24E-10 1.36E-09 5.28E-10 -2.71E-12 1.55E-10 
71.41667 1.28E-10 1.36E-09 5.24E-10 -3.62E-12 1.49E-10 
71.46743 1.22E-10 1.36E-09 5.18E-10 1.77E-12 1.49E-10 
71.51743 1.10E-10 1.37E-09 5.23E-10 1.74E-12 1.52E-10 
71.56718 1.12E-10 1.37E-09 5.33E-10 1.87E-12 1.55E-10 
71.61743 1.00E-10 1.37E-09 5.46E-10 4.14E-13 1.53E-10 
71.66743 1.02E-10 1.37E-09 5.33E-10 -2.48E-12 1.60E-10 
71.71743 1.08E-10 1.37E-09 5.37E-10 -4.34E-12 1.58E-10 
71.76667 1.14E-10 1.37E-09 4.99E-10 -5.67E-12 1.55E-10 
71.81667 1.15E-10 1.36E-09 4.99E-10 -7.45E-12 1.49E-10 
71.86667 1.25E-10 1.36E-09 4.99E-10 -3.75E-12 1.46E-10 
71.91692 1.22E-10 1.35E-09 5.36E-10 -2.10E-12 1.41E-10 
71.96667 1.19E-10 1.37E-09 5.11E-10 -1.15E-12 1.42E-10 
72.01718 1.22E-10 1.36E-09 5.59E-10 1.73E-12 1.42E-10 
72.06667 1.24E-10 1.36E-09 5.56E-10 5.14E-12 1.37E-10 
72.11667 1.19E-10 1.37E-09 5.66E-10 2.09E-12 1.43E-10 
72.16667 1.20E-10 1.37E-09 5.49E-10 1.29E-12 1.46E-10 
72.21667 1.15E-10 1.36E-09 5.41E-10 2.04E-13 1.44E-10 
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72.26718 1.14E-10 1.35E-09 5.13E-10 -1.44E-13 1.42E-10 
72.31718 1.09E-10 1.36E-09 5.27E-10 -1.30E-12 1.49E-10 
72.36743 1.09E-10 1.35E-09 5.31E-10 2.92E-12 1.41E-10 
72.41692 1.03E-10 1.36E-09 5.35E-10 5.57E-12 1.45E-10 
72.46692 1.13E-10 1.36E-09 5.21E-10 6.54E-12 1.48E-10 
72.5177 1.15E-10 1.37E-09 5.31E-10 5.07E-12 1.56E-10 
72.56692 1.22E-10 1.37E-09 5.30E-10 4.50E-12 1.59E-10 
72.61743 1.24E-10 1.37E-09 5.14E-10 -3.89E-12 1.68E-10 
72.66797 1.29E-10 1.36E-09 5.04E-10 -5.48E-12 1.60E-10 
72.71797 1.21E-10 1.37E-09 5.18E-10 -5.49E-12 1.62E-10 
72.76875 1.22E-10 1.36E-09 5.17E-10 -5.11E-12 1.58E-10 
72.8177 1.19E-10 1.36E-09 4.92E-10 -3.35E-12 1.50E-10 
72.86875 1.23E-10 1.37E-09 4.80E-10 3.87E-12 1.42E-10 
72.91797 1.25E-10 1.35E-09 4.58E-10 1.95E-12 1.46E-10 
72.9677 1.23E-10 1.34E-09 4.88E-10 -1.85E-12 1.47E-10 
73.01718 1.19E-10 1.36E-09 4.86E-10 -1.28E-12 1.42E-10 
73.06692 1.12E-10 1.37E-09 5.17E-10 -3.16E-12 1.44E-10 
73.11667 1.06E-10 1.38E-09 5.10E-10 -5.01E-12 1.47E-10 
73.16692 1.12E-10 1.38E-09 5.29E-10 3.11E-13 1.47E-10 
73.21718 1.23E-10 1.38E-09 5.08E-10 1.91E-12 1.45E-10 
73.26743 1.30E-10 1.35E-09 5.19E-10 9.79E-13 1.50E-10 
73.31692 1.30E-10 1.35E-09 5.03E-10 3.78E-12 1.48E-10 
73.3677 1.27E-10 1.34E-09 5.28E-10 7.25E-12 1.51E-10 
73.41667 1.16E-10 1.35E-09 5.40E-10 5.46E-12 1.47E-10 
73.46743 1.10E-10 1.35E-09 5.33E-10 4.93E-12 1.45E-10 
73.51718 1.03E-10 1.36E-09 5.43E-10 9.01E-12 1.45E-10 
73.56718 1.07E-10 1.35E-09 5.45E-10 9.08E-12 1.43E-10 
73.61667 1.11E-10 1.35E-09 5.30E-10 4.61E-12 1.40E-10 
73.66667 1.15E-10 1.36E-09 5.36E-10 2.88E-12 1.40E-10 
73.7164 1.21E-10 1.35E-09 5.28E-10 6.57E-12 1.42E-10 
73.7677 1.29E-10 1.34E-09 5.07E-10 2.63E-12 1.41E-10 
73.8177 1.29E-10 1.34E-09 5.10E-10 3.13E-13 1.46E-10 
73.86718 1.34E-10 1.35E-09 5.42E-10 -2.46E-12 1.52E-10 
73.91718 1.33E-10 1.34E-09 5.04E-10 -3.56E-12 1.52E-10 
73.9677 1.28E-10 1.36E-09 5.22E-10 -6.05E-12 1.48E-10 
74.01692 1.21E-10 1.36E-09 5.23E-10 -6.21E-12 1.52E-10 
74.06718 1.21E-10 1.35E-09 5.31E-10 -5.97E-12 1.52E-10 
74.11718 1.13E-10 1.35E-09 5.13E-10 -4.39E-12 1.49E-10 
74.16667 1.15E-10 1.34E-09 5.48E-10 -6.71E-12 1.52E-10 
74.21718 1.11E-10 1.34E-09 5.66E-10 -8.83E-12 1.58E-10 
74.26718 1.14E-10 1.34E-09 5.44E-10 -8.12E-12 1.54E-10 
74.31718 1.17E-10 1.36E-09 5.24E-10 -7.99E-12 1.53E-10 
74.3677 1.17E-10 1.36E-09 5.35E-10 -3.91E-12 1.49E-10 
74.41743 1.12E-10 1.37E-09 5.13E-10 -1.37E-12 1.49E-10 
74.46743 1.20E-10 1.37E-09 4.96E-10 1.06E-12 1.43E-10 
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74.5177 1.17E-10 1.37E-09 5.22E-10 2.23E-12 1.41E-10 
74.5677 1.15E-10 1.36E-09 5.49E-10 3.19E-12 1.38E-10 
74.61667 1.15E-10 1.36E-09 5.18E-10 2.43E-12 1.40E-10 
74.66718 1.23E-10 1.36E-09 5.39E-10 3.03E-12 1.38E-10 
74.71718 1.18E-10 1.36E-09 5.38E-10 3.42E-12 1.43E-10 
74.76692 1.17E-10 1.36E-09 5.43E-10 1.20E-12 1.45E-10 
74.81743 1.17E-10 1.36E-09 5.25E-10 1.23E-12 1.51E-10 
74.86743 1.24E-10 1.36E-09 5.49E-10 7.60E-13 1.50E-10 
74.91667 1.12E-10 1.35E-09 5.36E-10 -2.03E-12 1.54E-10 
74.96743 1.14E-10 1.35E-09 5.35E-10 -5.06E-12 1.53E-10 
75.01692 1.13E-10 1.34E-09 5.22E-10 -5.17E-12 1.56E-10 
75.06718 1.14E-10 1.35E-09 5.18E-10 -6.47E-12 1.53E-10 
75.11743 1.14E-10 1.35E-09 5.20E-10 -7.86E-12 1.51E-10 
75.16743 1.22E-10 1.35E-09 5.17E-10 -4.24E-12 1.52E-10 
75.21692 1.21E-10 1.36E-09 5.39E-10 -3.22E-12 1.53E-10 
75.26667 1.23E-10 1.35E-09 5.26E-10 -1.41E-12 1.54E-10 
75.31692 1.20E-10 1.35E-09 5.17E-10 2.95E-12 1.55E-10 
75.36797 1.16E-10 1.36E-09 5.07E-10 2.55E-12 1.62E-10 
75.4177 1.14E-10 1.36E-09 5.01E-10 3.51E-12 1.62E-10 
75.46743 1.19E-10 1.37E-09 4.77E-10 5.03E-12 1.59E-10 
75.51743 1.15E-10 1.37E-09 4.86E-10 3.85E-12 1.55E-10 
75.56822 1.19E-10 1.37E-09 5.03E-10 7.90E-13 1.54E-10 
75.6177 1.19E-10 1.37E-09 5.11E-10 6.47E-12 1.51E-10 
75.66848 1.22E-10 1.37E-09 5.08E-10 6.67E-12 1.47E-10 
75.71743 1.12E-10 1.36E-09 5.26E-10 6.12E-12 1.51E-10 
75.76743 1.16E-10 1.37E-09 5.34E-10 9.55E-12 1.50E-10 
75.81718 1.08E-10 1.37E-09 5.37E-10 8.49E-12 1.49E-10 
75.86718 1.13E-10 1.37E-09 5.51E-10 3.40E-12 1.41E-10 
75.91718 1.19E-10 1.38E-09 5.60E-10 -7.46E-13 1.44E-10 
75.96692 1.33E-10 1.36E-09 5.39E-10 -2.85E-12 1.42E-10 
76.01692 1.37E-10 1.35E-09 5.28E-10 -2.41E-12 1.42E-10 
76.0677 1.43E-10 1.35E-09 4.92E-10 -2.02E-13 1.43E-10 
76.1164 1.37E-10 1.36E-09 4.80E-10 -1.09E-12 1.53E-10 
76.16692 1.26E-10 1.35E-09 4.74E-10 4.10E-12 1.50E-10 
76.21743 1.24E-10 1.35E-09 4.74E-10 4.60E-12 1.49E-10 
76.26743 1.18E-10 1.36E-09 4.88E-10 3.97E-12 1.51E-10 
76.31667 1.17E-10 1.36E-09 5.42E-10 2.32E-12 1.47E-10 
76.36718 1.27E-10 1.36E-09 5.36E-10 2.57E-12 1.44E-10 
76.41718 1.31E-10 1.36E-09 5.29E-10 -9.44E-13 1.49E-10 
76.46718 1.27E-10 1.37E-09 5.26E-10 8.38E-13 1.52E-10 
76.51718 1.32E-10 1.35E-09 5.00E-10 -1.68E-12 1.51E-10 
76.56692 1.34E-10 1.34E-09 4.87E-10 -2.61E-12 1.55E-10 
76.6177 1.24E-10 1.35E-09 4.77E-10 -1.00E-12 1.53E-10 
76.66667 1.20E-10 1.35E-09 4.81E-10 3.23E-12 1.51E-10 
76.71692 1.17E-10 1.36E-09 4.92E-10 2.38E-13 1.47E-10 
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76.76667 1.10E-10 1.37E-09 5.30E-10 3.54E-13 1.51E-10 
76.81692 1.14E-10 1.37E-09 5.23E-10 1.99E-12 1.50E-10 
76.86743 1.22E-10 1.36E-09 5.43E-10 1.97E-12 1.49E-10 
76.91848 1.23E-10 1.36E-09 5.64E-10 -3.29E-12 1.51E-10 
76.96743 1.25E-10 1.36E-09 5.58E-10 -2.07E-13 1.50E-10 
77.0177 1.31E-10 1.36E-09 5.17E-10 1.09E-12 1.43E-10 
77.06692 1.29E-10 1.34E-09 5.23E-10 -7.11E-14 1.40E-10 
77.1177 1.18E-10 1.33E-09 4.94E-10 -3.06E-12 1.46E-10 
77.16667 1.22E-10 1.31E-09 4.72E-10 1.69E-12 1.45E-10 
77.21743 1.15E-10 1.31E-09 4.89E-10 8.43E-13 1.47E-10 
77.26667 1.10E-10 1.31E-09 5.17E-10 -4.27E-13 1.52E-10 
77.31718 1.15E-10 1.32E-09 5.09E-10 -1.58E-13 1.57E-10 
77.36718 1.18E-10 1.33E-09 5.40E-10 1.53E-12 1.51E-10 
77.41718 1.13E-10 1.33E-09 5.47E-10 -2.56E-12 1.50E-10 
77.46718 1.12E-10 1.34E-09 5.32E-10 -3.50E-13 1.48E-10 
77.51667 1.10E-10 1.36E-09 5.19E-10 -1.04E-12 1.46E-10 
77.5677 1.00E-10 1.35E-09 5.08E-10 -2.12E-12 1.43E-10 
77.61718 9.87E-11 1.36E-09 5.00E-10 -2.25E-12 1.42E-10 
77.66848 9.80E-11 1.36E-09 5.20E-10 -2.07E-12 1.49E-10 
77.71743 1.02E-10 1.35E-09 5.25E-10 -6.90E-12 1.50E-10 
77.76692 1.05E-10 1.34E-09 5.52E-10 -8.18E-12 1.52E-10 
77.8177 1.01E-10 1.36E-09 5.92E-10 -5.99E-12 1.53E-10 
77.86692 1.02E-10 1.37E-09 5.77E-10 -3.83E-12 1.51E-10 
77.91692 1.06E-10 1.36E-09 5.79E-10 -3.30E-12 1.44E-10 
77.96692 1.05E-10 1.37E-09 5.70E-10 -7.04E-13 1.43E-10 
78.01692 1.04E-10 1.37E-09 5.38E-10 -1.65E-12 1.49E-10 
78.06667 1.08E-10 1.36E-09 5.11E-10 1.58E-12 1.47E-10 
78.11692 1.12E-10 1.34E-09 5.21E-10 8.07E-13 1.45E-10 
78.16797 1.19E-10 1.34E-09 5.07E-10 4.04E-12 1.45E-10 
78.21743 1.17E-10 1.34E-09 5.27E-10 3.85E-12 1.43E-10 
78.26692 1.22E-10 1.33E-09 5.45E-10 4.69E-12 1.40E-10 
78.31718 1.26E-10 1.33E-09 5.24E-10 -1.72E-12 1.46E-10 
78.3677 1.22E-10 1.33E-09 5.18E-10 -4.03E-12 1.47E-10 
78.41743 1.17E-10 1.34E-09 5.18E-10 -7.60E-12 1.51E-10 
78.46692 1.22E-10 1.33E-09 5.10E-10 -6.95E-12 1.50E-10 
78.51692 1.17E-10 1.34E-09 5.14E-10 -6.14E-12 1.49E-10 
78.56743 1.15E-10 1.34E-09 5.51E-10 1.25E-12 1.45E-10 
78.61718 1.15E-10 1.35E-09 5.70E-10 1.68E-12 1.51E-10 
78.6677 1.15E-10 1.36E-09 5.65E-10 1.54E-12 1.46E-10 
78.71743 1.20E-10 1.37E-09 5.56E-10 3.21E-12 1.46E-10 
78.76743 1.30E-10 1.38E-09 5.59E-10 1.86E-12 1.45E-10 
78.81718 1.21E-10 1.38E-09 5.51E-10 -2.44E-12 1.41E-10 
78.86692 1.20E-10 1.38E-09 5.41E-10 -7.67E-13 1.36E-10 
78.9177 1.16E-10 1.38E-09 5.59E-10 2.27E-13 1.41E-10 
78.96718 1.01E-10 1.38E-09 5.65E-10 4.52E-13 1.41E-10 
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79.01692 9.74E-11 1.36E-09 5.44E-10 3.63E-12 1.41E-10 
79.0677 1.03E-10 1.36E-09 5.39E-10 3.59E-12 1.44E-10 
79.11692 1.04E-10 1.36E-09 5.50E-10 6.51E-12 1.47E-10 
79.16667 1.12E-10 1.34E-09 5.32E-10 5.08E-12 1.46E-10 
79.21692 1.28E-10 1.34E-09 5.22E-10 1.46E-12 1.50E-10 
79.26692 1.23E-10 1.33E-09 5.34E-10 1.14E-13 1.52E-10 
79.31692 1.24E-10 1.34E-09 5.22E-10 -1.84E-12 1.56E-10 
79.36692 1.23E-10 1.34E-09 5.10E-10 -4.19E-12 1.53E-10 
79.4177 1.21E-10 1.35E-09 5.18E-10 -4.59E-12 1.53E-10 
79.46667 1.14E-10 1.34E-09 5.12E-10 -2.26E-12 1.56E-10 
79.51718 1.11E-10 1.35E-09 5.05E-10 -1.01E-12 1.52E-10 
79.56692 1.09E-10 1.34E-09 5.03E-10 5.68E-13 1.49E-10 
79.61718 1.09E-10 1.33E-09 5.01E-10 3.80E-12 1.51E-10 
79.66692 1.03E-10 1.34E-09 5.03E-10 3.63E-12 1.54E-10 
79.71743 1.01E-10 1.35E-09 5.10E-10 2.16E-12 1.49E-10 
79.76743 1.09E-10 1.34E-09 5.20E-10 2.29E-12 1.53E-10 
79.81692 1.10E-10 1.35E-09 5.18E-10 9.49E-13 1.55E-10 
79.86797 1.13E-10 1.35E-09 5.23E-10 -4.43E-12 1.55E-10 
79.91718 1.15E-10 1.34E-09 5.43E-10 -1.43E-12 1.53E-10 
79.96667 1.13E-10 1.35E-09 5.53E-10 -1.30E-12 1.52E-10 
80.0177 1.09E-10 1.35E-09 5.52E-10 -4.95E-12 1.55E-10 
80.06718 1.16E-10 1.36E-09 5.54E-10 -6.44E-12 1.56E-10 
80.1177 1.24E-10 1.37E-09 5.58E-10 -4.37E-12 1.53E-10 
80.16718 1.38E-10 1.38E-09 5.40E-10 -2.75E-12 1.53E-10 
80.21743 1.34E-10 1.38E-09 5.39E-10 -4.84E-12 1.52E-10 
80.26743 1.32E-10 1.38E-09 5.49E-10 -1.07E-13 1.51E-10 
80.31692 1.23E-10 1.37E-09 5.54E-10 2.38E-12 1.51E-10 
80.36718 1.13E-10 1.36E-09 5.30E-10 1.42E-12 1.53E-10 
80.41667 9.89E-11 1.34E-09 5.14E-10 -1.49E-12 1.54E-10 
80.46743 1.08E-10 1.33E-09 5.00E-10 -9.45E-13 1.59E-10 
80.51718 1.13E-10 1.33E-09 4.95E-10 -1.21E-12 1.55E-10 
80.56692 1.17E-10 1.33E-09 5.05E-10 3.55E-12 1.50E-10 
80.61797 1.22E-10 1.34E-09 5.16E-10 3.72E-12 1.51E-10 
80.6677 1.23E-10 1.35E-09 5.43E-10 3.69E-12 1.47E-10 
80.71667 1.23E-10 1.35E-09 5.55E-10 3.97E-12 1.46E-10 
80.76692 1.30E-10 1.36E-09 5.60E-10 8.90E-13 1.50E-10 
80.81797 1.32E-10 1.35E-09 5.68E-10 -6.40E-12 1.56E-10 
80.86743 1.28E-10 1.34E-09 5.71E-10 -5.09E-12 1.51E-10 
80.91797 1.32E-10 1.34E-09 5.63E-10 -4.95E-12 1.52E-10 
80.96718 1.30E-10 1.34E-09 5.50E-10 -3.62E-12 1.48E-10 
81.01667 1.17E-10 1.34E-09 5.31E-10 -1.51E-12 1.46E-10 
81.06692 1.10E-10 1.35E-09 5.10E-10 -9.29E-13 1.47E-10 
81.11718 1.14E-10 1.33E-09 5.12E-10 -6.35E-13 1.48E-10 
81.16718 1.10E-10 1.33E-09 5.01E-10 -3.32E-12 1.50E-10 
81.21692 1.11E-10 1.33E-09 5.27E-10 -3.37E-12 1.54E-10 
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81.26667 1.15E-10 1.32E-09 5.42E-10 -7.92E-12 1.54E-10 
81.3177 1.20E-10 1.32E-09 5.43E-10 -7.49E-12 1.50E-10 
81.36718 1.20E-10 1.33E-09 5.37E-10 -7.17E-12 1.50E-10 
81.4177 1.17E-10 1.34E-09 5.29E-10 -5.10E-12 1.52E-10 
81.46718 1.19E-10 1.36E-09 5.24E-10 -5.49E-12 1.50E-10 
81.51743 1.18E-10 1.37E-09 4.97E-10 -2.57E-12 1.46E-10 
81.56692 1.19E-10 1.39E-09 4.91E-10 -2.28E-12 1.49E-10 
81.61692 1.16E-10 1.39E-09 4.85E-10 -6.52E-12 1.53E-10 
81.66718 1.17E-10 1.38E-09 4.98E-10 -8.39E-12 1.55E-10 
81.71692 1.19E-10 1.37E-09 4.84E-10 -6.83E-12 1.57E-10 
81.76718 1.23E-10 1.35E-09 5.01E-10 -4.46E-12 1.56E-10 
81.81692 1.13E-10 1.34E-09 4.97E-10 -6.83E-13 1.51E-10 
81.86822 1.18E-10 1.32E-09 4.92E-10 7.25E-12 1.45E-10 
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B. Steady-state kinetic modelling code used in chapter 7 
i. Function file  





















































































































































































































































































K1 = 190;  
K2 = 250; 
K3 = 209; 
  
%Methane, Hydrogen, CO and CH2O (1/bar) 
K4 = 0.005; 
K5 = 0.01; 
K6 = (1/3)*K4;  
K7 = 400;  
  
%Alkenes (1/bar) 
K8 = 1.5; 
K9 = 1.3; 
K10 = 0.7; 
K11 = 0.3; 
K12 = 1.00; 
K13 = 1.53; 
K14 = 1.53; 
K15 = 1.53; 
K16 = 1.53; 
  
%Alkanes (1/bar) 
K17 = K4; 
K18 = K4; 
K19 = K4; 
K20 = K4; 
K21 = K4; 
K22 = K4; 
K23 = K4; 
K24 = K4; 





K26 = K2; % same as DME 









%Mole fraction (mf) definitions 
x_CH3OH = (mf(1)/32)/N_tot; 
x_CH3OCH3 = (mf(2)/46)/N_tot; 







x_C2H4 = (mf(8)/28)/N_tot; 
x_C3H6 = (mf(9)/42)/N_tot; 
x_C4H8 = (mf(10)/56)/N_tot; 
x_C5H10 = (mf(11)/70)/N_tot; 
x_C6H12 = (mf(12)/84)/N_tot; 
x_C7H14 = (mf(13)/98)/N_tot; 
x_C8H16 = (mf(14)/112)/N_tot; 
x_C9H18 = (mf(15)/126)/N_tot; 
x_C10H20 = (mf(16)/140)/N_tot; 
  
x_C2H6 = (mf(17)/30)/N_tot; 
x_C3H8 = (mf(18)/44)/N_tot; 
x_C4H10 = (mf(19)/58)/N_tot; 
x_C5H12 = (mf(20)/72)/N_tot; 
x_C6H14 = (mf(21)/86)/N_tot; 
x_C7H16 = (mf(22)/100)/N_tot; 
x_C8H18 = (mf(23)/114)/N_tot; 
x_C9H20 = (mf(24)/128)/N_tot; 
x_C10H22 = (mf(25)/142)/N_tot; 
  
x_C3H8O2 = (mf(26)/76)/N_tot; 
x_C4H10O2 = (mf(27)/90)/N_tot; 
  
x_C6H6 = (mf(28)/78)/N_tot; 
x_C7H8 = (mf(29)/92)/N_tot; 
x_C8H10 = (mf(30)/106)/N_tot; 
x_C9H12 = (mf(31)/120)/N_tot; 
x_C10H14 = (mf(32)/134)/N_tot; 
  














    (K26*x_C3H8O2*P_Tot)+(K27*x_C4H10O2*P_Tot)+... 
    
(K28*x_C6H6*P_Tot)+(K29*x_C7H8*P_Tot)+(K30*x_C8H10*P_Tot)+(K31*x_C9H12*P_To
t)+(K32*x_C10H14*P_Tot)); 
     
     
k1f = k1fValue; 
k1b = k1bValue; 
  
k2 = k2Value; 
k3 = k3Value; 
  
kox1 = kox1Value; 
kox2 = kox2Value; 
kox3 = kox3Value;  
  
k4id = k4idValue; 
k5id = k5idValue; 
  
k4d = k4dValue; 
k5d = k5dValue; 
  
k6 = k6Value; 
k7 = k7Value; 
  
k8 = k8Value; 
k9 = k9Value; 
k10 = k10Value; 
k11 = k11Value; 
k12 = k12Value; 
k13 = k13Value; 
k14 = k14Value; 
k15 = k15Value; 
  
k16 = k16Value; 
k17 = k17Value; 
k18 = k18Value; 
k19 = k19Value; 
k20 = k20Value; 
k21 = k21Value; 
k22 = k22Value; 
k23 = k23Value; 
  
k24f = k24fValue; 
k24b = k24bValue; 
k25f = k25fValue; 
k25b = k25bValue; 
k26f = k26fValue; 
k26b = k26bValue; 
k27f = k27fValue; 
k27b = k27bValue; 
k28f = k28fValue; 
k28b = k28bValue; 
k29f = k29fValue; 
k29b = k29bValue; 
k30f = k30fValue; 
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k30b = k30bValue; 
k31f = k31fValue; 
k31b = k31bValue; 
k32f = k32fValue; 
k32b = k32bValue; 
k33f = k33fValue; 
k33b = k33bValue; 
k34f = k34fValue; 
k34b = k34bValue; 
k35f = k35fValue; 
k35b = k35bValue; 
k36f = k36fValue; 
k36b = k36bValue; 
k37f = k37fValue; 
k37b = k37bValue; 
k38f = k38fValue; 
k38b = k38bValue; 
k39f = k39fValue; 
k39b = k39bValue; 
  
k40 = k40Value; 
k41 = k41Value; 
k42 = k42Value; 
k43 = k43Value; 
k44 = k44Value; 
k45 = k45Value; 
  
k46 = k46Value; 
k47 = k47Value; 
k48 = k48Value; 
k49 = k49Value; 
k50 = k50Value; 
k51 = k51Value; 
  
k52 = k52Value; 
k53 = k53Value; 
k54 = k54Value; 
k55 = k55Value; 
k56 = k56Value; 
  
  
k57 = k57Value; 
k58 = k58Value; 
k59 = k59Value; 
k60 = k60Value; 
k61 = k61Value; 
k62 = k62Value; 
k63 = k63Value; 
k64 = k64Value; 
k65 = k65Value; 
  
k66 = k66Value; 
k67 = k67Value; 
k68 = k68Value; 
k69 = k69Value; 
k70 = k70Value; 
k71 = k71Value; 
k72 = k72Value; 
k73 = k73Value; 




k75 = k75Value; 
k76 = k76Value; 
k77 = k77Value; 
k78 = k78Value; 
k79 = k79Value; 
k80 = k80Value; 
k81 = k81Value; 
k82 = k82Value; 
k83 = k83Value; 
  
k84 = k84Value; 
k85 = k85Value; 
k86 = k86Value; 
k87 = k87Value; 
k88 = k88Value; 
k89 = k89Value; 
k90 = k90Value; 
k91 = k91Value; 
k92 = k92Value; 
  
k93 = k93Value; 
k94 = k94Value; 
k95 = k95Value; 
k96 = k96Value; 
k97 = k97Value; 
k98 = k98Value; 
k99 = k99Value; 
k100 = k100Value; 
k101 = k101Value; 
  
k102 = k102Value; 
k103 = k103Value; 
k104 = k104Value; 
k105 = k105Value; 
k106 = k106Value; 
k107 = k107Value; 
k108 = k108Value; 
k109 = k109Value; 
k110 = k110Value; 
k111 = k111Value; 
k112 = k112Value; 
k113 = k113Value; 
k114 = k114Value; 
k115 = k115Value; 
k116 = k116Value; 
k117 = k117Value; 
k118 = k118Value; 
k119 = k119Value; 
k120 = k120Value; 
k121 = k121Value; 
k122 = k122Value; 
k123 = k123Value; 
k124 = k124Value; 
k125 = k125Value; 
k126 = k126Value; 
k127 = k127Value; 
k128 = k128Value; 
k129 = k129Value; 
k130 = k130Value; 
k131 = k131Value; 
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k132 = k132Value; 
k133 = k133Value; 
k134 = k134Value; 
k135 = k135Value; 
k136 = k136Value; 
k137 = k137Value; 
k138 = k138Value; 
k139 = k139Value; 
k140 = k140Value; 
k141 = k141Value; 
k142 = k142Value; 
k143 = k143Value; 
k144 = k144Value; 
k145 = k145Value; 
k146 = k146Value; 
k147 = k147Value; 
k148 = k148Value; 
k149 = k149Value; 
k150 = k150Value; 
k151 = k151Value; 
k152 = k152Value; 
k153 = k153Value; 
k154 = k154Value; 
k155 = k155Value; 
k156 = k156Value; 
k157 = k157Value; 
k158 = k158Value; 
k159 = k159Value; 
k160 = k160Value; 
k161 = k161Value; 
k162 = k162Value; 
k163 = k163Value; 
k164 = k164Value; 
k165 = k165Value; 
k166 = k166Value; 
k167 = k167Value; 
k168 = k168Value; 
k169 = k169Value; 
k170 = k170Value; 
k171 = k171Value; 
k172 = k172Value; 
k173 = k173Value; 
k174 = k174Value; 
k175 = k175Value; 
k176 = k176Value; 
k177 = k177Value; 
k178 = k178Value; 
k179 = k179Value; 
k180 = k180Value; 
k181 = k181Value; 
k182 = k182Value; 
k183 = k183Value; 
k184 = k184Value; 
k185 = k185Value; 
k186 = k186Value; 
k187 = k187Value; 
k188 = k188Value; 
k189 = k189Value; 
k190 = k190Value; 
k191 = k191Value; 
k192 = k192Value; 
k193 = k193Value; 
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k194 = k194Value; 
k195 = k195Value; 
k196 = k196Value; 
k197 = k197Value; 
k198 = k198Value; 
k199 = k199Value; 
k200 = k200Value; 
k201 = k201Value; 
k202 = k202Value; 
k203 = k203Value; 
k204 = k204Value; 
k205 = k205Value; 
k206 = k206Value; 
k207 = k207Value; 
k208 = k208Value; 
k209 = k209Value; 
k210 = k210Value; 
k211 = k211Value; 
k212 = k212Value; 
k213 = k213Value; 
  
  






















%Direct formation of ethene and propene 
r4d = k4d*K2*x_CH3OH*x_CH3OCH3*(P_Tot^2)*HZ; 
r5d = k5d*K2*x_CH3OCH3*P_Tot*HZ; 
  






































































































































































































































































































































































ii. Script file  
tic; 
clear all; close all; clc 
  








































































































































































































































































tau_initial = 0; tau_final = 20; 
  
  




k1fValues = 0.0185; 
k1bValues = k1fValues/K_p; 
  
k2Values = 0; 




kox1Values = 0; 
kox2Values = 0; 
kox3Values = 0; 
  
k4idValues = 0; 
k5idValues = 0; 
  
k5dValues = 6.2e-4; 
k4dValues = 0.0034; 
  
k40Values = 0.16; 
k41Values = 0.17; 
k42Values = 0.011; 
k43Values = 0.031; 
  
DMEfactor = 3.5; 
DMEfactor_aromatic = DMEfactor*2.5; 
  
k44Values = k40Values*DMEfactor_aromatic; 
k45Values = k41Values*DMEfactor_aromatic; 
k46Values = k42Values*DMEfactor_aromatic; 
k47Values = k43Values*DMEfactor_aromatic; 
  
k48Values = 0.0005; 
k6Values = 0.003; 
k7Values = 0.006; 
k49Values = 0.1; 
k50Values = 0.2; 
k51Values = 0.4; 
  
k8Values = 0.0055; 
k9Values = 0.0086; 
k10Values = 0.0241; 
k11Values = 0.0483; 
k12Values = 0.0828; 
k13Values = k8Values*15; 
k14Values = k8Values*15; 
k15Values = k8Values*15; 
  
k16Values = k8Values*DMEfactor;  
k17Values = k9Values*DMEfactor;  
k18Values = k10Values*DMEfactor; 
k19Values = k11Values*DMEfactor;  
k20Values = k12Values*DMEfactor;  
k21Values = k13Values*DMEfactor;  
k22Values = k14Values*DMEfactor; 
k23Values = k15Values*DMEfactor;  
  
k24fValues = 0.015; 
k24bValues = k24fValues/18.696; 
k25fValues = k24fValues*17; 
k25bValues = k25fValues/1.7211; 
k26fValues = k24fValues*33; 
k26bValues = k26fValues/15.203; 
k27fValues = k24fValues*36; 
k27bValues = k27fValues/0.5; 
k28fValues = k24fValues*33; 
k28bValues = k28fValues*2.9021; 
k29fValues = k24fValues*159; 
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k29bValues = k29fValues/0.02672; 
k30fValues = k24fValues*231; 
k30bValues = k30fValues/0.09505; 
k31fValues = k24fValues*231; 
k31bValues = k31fValues/0.1286; 
k32fValues = 0; 
k32bValues = k32fValues/0.7729; 
  
k33fValues = k24fValues*231; 
k33bValues = k33fValues/1.5; 
k34fValues = k24fValues*231; 
k34bValues = k34fValues/0.0358; 
k35fValues = 0; 
k35bValues = k35fValues/0.3164; 
k36fValues = k24fValues*231; 
k36bValues = k36fValues/2.2786; 
k37fValues = k24fValues*231; 
k37bValues = k37fValues/0.101; 
k38fValues = k24fValues*924; 
k38bValues = k38fValues/0.1158; 
k39fValues = 0; 
k39bValues = k39fValues/0.1703; 
  
k52Values = 10; 
k53Values = 100; 
k54Values = k53Values; 
k55Values = k53Values; 
k56Values = k53Values; 
k57Values = k53Values; 
k58Values = k53Values; 
k59Values = k53Values; 
k60Values = k53Values; 
  
k61Values = 7.5e5; 
k62Values = 1.2e6; 
k63Values = 2.2e8; 
k64Values = 1.2e9; 
k65Values = 6.2e8; 
k66Values = k63Values; 
k67Values = k63Values; 
k68Values = k63Values; 
k69Values = k63Values; 
  
k70Values = 9.6e8; 
k71Values = 1.6e9; 
k72Values = 9.6e9; 
k73Values = 1.6e11; 
k74Values = 1.6e13; 
k75Values = k74Values; 
k76Values = k74Values; 
k77Values = k74Values; 
k78Values = k74Values; 
  
k79Values = 9.6e8; 
k80Values = 9.6e14; 
k81Values = 9.6e15; 
k82Values = 7.2e19; 
k83Values = 9.6e19; 
k84Values = 9.6e19; 
k85Values = 9.6e19; 
k86Values = 9.6e19; 
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k87Values = 9.6e19; 
  
k88Values = 9.6e9; 
k89Values = k88Values; 
k90Values = k88Values; 
k91Values = 9.6e12; 
k92Values = 9.6e13; 
k93Values = k92Values; 
k94Values = k92Values; 
k95Values = k92Values; 
k96Values = k92Values; 
  
k97Values = 600; 
  
k98Values = 0; 
k99Values = k98Values; 
  
k100Values = 0; 
k101Values = 0; 
k102Values = 0; 
  
k103Values = 0; 
k104Values = 0; 
k105Values = 0; 
k106Values = 0; 
  
k107Values = 0; 
k108Values = 0; 
k109Values = 0; 
k110Values = k109Values; 
k111Values = k109Values; 
  
k112Values = 0; 
k113Values = k112Values; 
k114Values = k112Values; 
k115Values = k112Values; 
k116Values = k112Values; 
k117Values = k112Values; 
  
k118Values = 0; 
k119Values = k118Values; 
k120Values = k118Values; 
k121Values = k118Values; 
k122Values = k118Values; 
k123Values = k118Values; 
k124Values = k118Values; 
  
k125Values = 0; 
k126Values = k125Values; 
k127Values = k125Values; 
k128Values = k125Values; 
k129Values = k125Values; 
k130Values = k125Values; 
k131Values = k125Values; 
k132Values = k125Values; 
  
k133Values = 0; 
k134Values = k133Values; 
k135Values = k133Values; 
k136Values = k133Values; 
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k137Values = k133Values; 
k138Values = k133Values; 
k139Values = k133Values; 
k140Values = k133Values; 
k141Values = k133Values; 
  
k142Values = 10; 
k143Values = k142Values; 
k144Values = k142Values; 
k145Values = k142Values; 
k146Values = k142Values; 
k147Values = k142Values; 
k148Values = k142Values; 
k149Values = k142Values; 
  
k150Values = 0; 
k151Values = k150Values; 
k152Values = k150Values; 
k153Values = k150Values; 
k154Values = k150Values; 
k155Values = k150Values; 
k156Values = k150Values; 
k157Values = k150Values; 
  
k158Values = 0; 
k159Values = 0; 
k160Values = 0; 
k161Values = 0; 
k162Values = 0; 
k163Values = 0; 
k164Values = 0; 
k165Values = 0; 
  
k166Values = 0; 
k167Values = 0; 
k168Values = 0; 
k169Values = 0; 
k170Values = 0; 
k171Values = 0; 
k172Values = 0; 
k173Values = 0; 
  
k174Values = 0; 
k175Values = 0; 
k176Values = 0; 
k177Values = 0; 
k178Values = 0; 
k179Values = 0; 
k180Values = 0; 
k181Values = 0; 
  
k182Values = 0; 
k183Values = 0; 
k184Values = 0; 
k185Values = 0; 
k186Values = 0; 
k187Values = 0; 
k188Values = 0; 




k190Values = 0; 
k191Values = 0; 
k192Values = 0; 
k193Values = 0; 
k194Values = 0; 
k195Values = 0; 
k196Values = 0; 
k197Values = 0; 
  
k198Values = 0; 
k199Values = 0; 
k200Values = 0; 
k201Values = 0; 
k202Values = 0; 
k203Values = 0; 
k204Values = 0; 
k205Values = 0; 
  
k206Values = 0; 
k207Values = 0; 
k208Values = 0; 
k209Values = 0; 
k210Values = 0; 
k211Values = 0; 
k212Values = 0; 
k213Values = 0; 
  
  
k1fValue = k1fValues; 










































































































































































































































































[Tau, mf] = ode15s('MTHmodel9', [tau_initial, tau_final], mfo); 
  
data=xlsread('Dmitry Expt_v2.xlsx'); 




























xlabel('Contact time (g_{cat}.g_{methanol}^{-1}s)', 'Fontweight', 'Bold'), 
ylabel('Mass fraction (wt/wt)', 'Fontweight', 'Bold'); 



















xlabel('Contact time (g_{cat}.g_{methanol}^{-1}s)', 'Fontweight', 'Bold'), 
ylabel('Mass fraction (wt/wt)', 'Fontweight', 'Bold'); 











',Tau_expt(:,1), C4H10_expt(:,1), 'r*', Tau(:,1),mf(:,20),'b-', 
Tau_expt(:,1), C5H12_expt(:,1), 'b*', Tau(:,1), mf(:,21),'g-





xlabel('Contact time (g_{cat}.g_{methanol}^{-1}s)', 'Fontweight', 'Bold'), 
ylabel('Mass fraction (wt/wt)', 'Fontweight', 'Bold'); 
grid off 
box off 
ylim([0 0.01]);xlim([0 12]); 
legend boxoff 
ax=gca; 
















xlabel('Contact time (g_{cat}.g_{methanol}^{-1}s)', 'Fontweight', 'Bold'), 
ylabel('Mass fraction (wt/wt)', 'Fontweight', 'Bold'); 
grid off 
  




ax.FontSize = 11; 
  
toc; 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
